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The high-mountain cryosphere forms water towers that are important for ecosystem services 
provision, supplying large populations living in mountains and the surrounding lowlands and 
producing potable water resources, and water for agriculture, industry and hydropower gen-
eration. However, continued glacier recession and mass loss is projected throughout the 
twenty-first century, and this raises major concerns regarding the future sustainability of cry-
ospheric water resources. While glacier meltwater represents an essential drought-resilient 
freshwater resource in vulnerable drought-prone regions, little research has focused on the 
contribution made by runoff from rock glaciers. These are located widely throughout the high-
mountain cryosphere and estimates of rock glacier water volume equivalent (WVEQ) vs glac-
iers suggests that the former may constitute increasingly important long-term water stores. 
Owing to the insulating effects of thick supraglacial debris cover, rock glaciers are climatically 
more resilient than glaciers; therefore, their relative importance versus glaciers may increase 
under future climate warming. Yet, while the hydrological role of debris-free glaciers and de-
bris-covered glaciers has been the subject of much research, that of rock glaciers has received 
comparatively little attention. Given the need for strong climate adaptation in many of the 
world’s mountain regions, it is clear that a more comprehensive understanding of all compo-
nents of the hydrological cycle in the high-mountain cryosphere is required.  
In this thesis, I develop the scientific understanding of rock glacier significance in deglacierizing 
mountains across a range of spatial scales (local, national, regional and global), with a specific 
focus on High Mountain Asia (HMA). The review chapter critically assesses the state of current 
scientific knowledge regarding the hydrological role of rock glaciers in high mountain systems 
and serves to form the context for the empirical chapters. The thesis has three key themes to 
which the empirical chapters are aligned: (1) the distribution and hydrological significance of 
rock glaciers at global scales, (2) the distribution and hydrological significance of rock glaciers 
at regional and national spatial scales (Himalaya and Nepalese Himalaya), and (3) advancing 
rock glacier evolutionary theory. 
(1) the thesis created a meta-analysis of existing systematic rock glacier inventories and com-
piled the first near-global rock glacier database (RGDB). The RGDB presented here includes 
>73,000 rock glaciers (intact = ~39,500, relict = ~33,500), which contain a WVEQ of 83.7 ± 16.7 
Gt [~69–102 trillion litres]. Furthermore, the estimated ratio of rock glacier: glacier WVEQ is 
1:456 globally.  
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(2) the results of the meta-analysis described in (1) show that only ~9% of studies included in 
the RGDB cover the Hindu Kush Himalaya (HKH); therefore, I produced the first systematic 
rock glacier inventory for the (i) Nepalese Himalaya (national-scale), and (ii) Himalaya (re-
gional-scale). In the former (i) I inventoried >6,000 rock glaciers, and these are estimated to 
contain a WVEQ of 20.90 ± 4.18 km³ (19.16 ± 3.83 Gt). For the Nepalese Himalaya estimated 
rock glacier: glacier WVEQ ratio is 1:9. In the latter (ii) ~25,000 rock glaciers have been inven-
toried. The total WVEQ is 51.80 ± 10.36 km³ (47.48 ± 9.50 Gt) with an estimated rock glacier: 
glacier WVEQ ratio of 1:24. The results of Theme 1 and 2 indicate that rock glaciers form con-
siderable long-term water stores, which may become increasingly important as climatically-
driven glacier recession and mass loss continues throughout the twenty-first century and be-
yond. 
(3) in order to understand debris-free glacier transition to rock glaciers I use in situ sedimen-
tological data and kite aerial photography (KAP) data and develop a conceptual hypothesis to 
explain the key drivers of this process. The thesis suggests that sediment connectivity (i.e. the 
strength of the link between sediment sources and downslope landforms) is one such driver 
of these transition processes. As a consequence, I hypothesise that the presence of well-de-
veloped lateral moraines along glacier margins serves to reduce this connectivity, and thus 
reduce the likelihood of glacier-to-rock glacier transition occurring. The corelationships be-
tween rock glaciers and glacial, periglacial and paraglacial processes are also evaluated in the 
context of rock glacier origin and the changing influence these processes have upon rock glac-
ier evolution through their lifecycle. 
Collectively, this research has shaped the understanding of the current and potential future 
role of rock glaciers in mountain hydrology and is the first to comprehend the distribution and 
hydrological significance of rock glaciers globally and in the Himalaya.
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 INTRODUCTION AND RESEARCH CONTEXT
1.1 INTRODUCTION 
The world’s high-mountain cryosphere (i.e. snow, ice and permafrost) form natural ‘water 
towers’ that may constitute an important source of freshwater for downstream regions, par-
ticularly in arid and semi-arid zones (Messerli et al., 2004; Viviroli et al., 2007). Glacier- and 
snowpack-derived meltwaters contribute to streamflow in otherwise low-flow conditions 
during drier months and thus buffer hydrological seasonality (e.g., Kaser et al., 2010). Further-
more, in vulnerable drought-prone regions, glacial meltwater represents a uniquely drought-
resilient water source (Bolch, 2017; Pritchard, 2019). In this context, the high-mountain cry-
osphere is crucial for ecosystem services provision (Grêt-Regamey et al., 2012), supplying mul-
tiple societal needs in mountain regions and the surrounding lowlands – potable water sup-
plies, hydropower generation, industry and agriculture, for example (Immerzeel et al., 2010; 
Viviroli et al., 2011). 
However, continued climate-induced glacier recession [and mass loss] throughout the 
twenty-first century is projected under a range of plausible emissions scenarios (Representa-
tive Concentration Pathways [RCPs]) (e.g., Kraaijenbrink et al., 2017; Hock et al., 2019a; 
Shannon et al., 2019) (Figure 1.1). A reasonable assumption considering elevation-dependent 
warming – rates of warming are amplified with increasing elevation – follows that it is proba-
ble that the high-mountain cryosphere will experience comparatively faster warming rates 
than low-altitude mountain ranges, particularly at low-latitudes (Vuille et al., 2008; Mountain 
Research Initiative, 2015). Indeed, Rabatel et al. (2013) report the complete loss of glaciers 
within certain low-latitude mountain ranges. 




Figure 1.1. Projected glacier mass losses by 2100 (%) as a proportion of recorded glacier mass (reference year: 
2015) for 19 Randolph Glacier Inventory (RGI) regions. Results were derived from six glacier models under three 
RCP emissions scenarios. Dots reflect the multi-GCM (General Circulation Model) means for each glacier model. 
Grey bars reflect the range of these results, and triangles show their arithmetic mean. Here, regional results are 
sorted according to the mean mass loss under RCP8.5. Furthermore, results are shown for (i) all regions combined 
(Global), (ii) all regions combined excluding the Antarctic periphery (A) and (iii) all regions combined excluding the 
Antarctic and Greenland periphery (A+G). N.B. not all glacier models compute all regions nor use all three emission 
scenarios. Figure after Hock et al. (2019a).    
In the short-term, annual water release from long-term glacial storage increases; however, 
beyond ‘peak water’ enhanced melt rates are overwhelmed by glacier shrinkage, and pro-
jected glacier runoff gradually declines (Gleick and Palaniappan, 2010). Notably, recent global-
scale projections for a number of glacierised macroscale (>5,000 km²) basins suggest that peak 
water has already been exceeded (Huss and Hock, 2018). A key message, therefore, is that 
glaciers are finite water stores (Jansson et al., 2003). Additionally, possible increases in the 
rain-to-snow fraction (Berghuijs et al., 2014), reductions in snow cover extent and/or longev-
ity (Brown and Mote, 2009; Bavay et al., 2013; Zhou et al., 2017; Smith and Bookhagen, 2018), 
seasonal runoff maxima shifts towards earlier in the year (Hanzer et al., 2018; Huss and Hock, 
2018) and widespread permafrost degradation (Haeberli, 2013; Biskaborn et al., 2019) will 
further diminish long-term runoff in snowmelt- and icemelt-dominated basins.  
The anticipated effects of the above-described future decline of the high-mountain cry-
osphere may have severe implications for freshwater resources and their effective manage-
ment (for summary see Beniston, 2003; Barnett et al., 2005; Bolch et al., 2012; Huss et al., 
2017; Milner et al., 2017; Beniston et al., 2018). In consideration of climate change adaptation 
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strategies, a comprehensive understanding of all components of the hydrological cycle in the 
high-mountain cryosphere is vital. Yet, whilst the hydrological role of debris-free glaciers (see 
Fountain and Walder, 1998; Jansson et al., 2003; Irvine‐Fynn et al., 2011) and debris-covered 
glaciers (Fyffe et al., 2019, and references therein) have been the subject of much research, 
that of rock glaciers – lobate or tongue-shaped landforms comprising a continuous, thick sea-
sonally frozen debris layer (known as the active layer [AL]) covering ice-supersaturated debris 
or pure ice, which slowly creep downslope (see Martin and Whalley, 1987; Barsch, 1996; 
Haeberli et al., 2006; Berthling, 2011) – has received comparatively little attention (Duguay et 
al., 2015). 
Found ubiquitously throughout the high-mountain cryosphere worldwide (Harrison et al., 
2008), estimated rock glacier WVEQ vs glaciers suggests they may constitute non-negligible 
long-term water stores, notably in arid and semi-arid zones where glaciers have limited pres-
ence or are absent (e.g., Azócar and Brenning, 2010; Rangecroft et al., 2015; Munroe, 2018; 
Schaffer et al., 2019). A considerable number of published rock glacier inventories have been 
compiled in various mountain ranges (see Chapter 3). Yet, no global-scale (complete) inven-
tory has been constructed to date, despite being described as the “most pressing need” in 
rock glacier research (Janke et al., 2013). In response, significant recent research efforts have 
greatly elaborated inventory coverage in the succeeding years, for example in South America 
(Falaschi et al., 2014; Rangecroft et al., 2014; Falaschi et al., 2015; Falaschi et al., 2016; Azócar 
et al., 2017; Barcaza et al., 2017; Esper Angillieri, 2017; García et al., 2017; Janke et al., 2017; 
IANIGLA-CONICET, 2018; Selley et al., 2018), North America (Charbonneau and Smith, 2018; 
Munroe, 2018), Central Europe (Colucci et al., 2016; Kellerer-Pirklbauer et al., 2016; 
Roudnitska et al., 2016; Salvador-Franch et al., 2016; Triglav-Čekada et al., 2016; Winkler et 
al., 2016a; Onaca et al., 2017; Palma et al., 2017; Uxa and Mida, 2017; Fernandes et al., 2018; 
Popescu, 2018; Boccali et al., 2019), Asia (incorporating Central Asia, South Asia [East], South 
Asia [West] and North Asia) (Bolch and Gorbunov, 2014; Schmid et al., 2015; Lytkin and 
Galanin, 2016; Galanin, 2017; Wang et al., 2017; Ran and Liu, 2018; Blöthe et al., 2019; 
Pandey, 2019; Baral et al., in press), Antarctic and Subantarctic (Rudolph et al., 2018) and New 
Zealand (Sattler et al., 2016). Notably, however, relatively few systematic rock glacier inven-
tory publications estimate WVEQ. Furthermore, notwithstanding improved systematic rock 
glacier inventory coverage (cited above), data-deficient regions remain evident within the 
world’s high-mountain cryosphere (e.g., Central Asia). The aforementioned knowledge gaps 
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prevent the full assessment of rock glacier frequency, distribution and morphometric charac-
teristics, and thus their fundamental hydrological value (WVEQ).  
While rock glacier-related research has accelerated during the recent decades (see section 
4.2), the role of these landforms in the (i) hydrology and (ii) morphological evolution of de-
glacierizing mountains has hitherto not been fully recognised (Knight et al., 2019).  
Regarding (i), owing to the insulating effect of the AL, rock glaciers have retarded ice melt as 
their internal thermal regimes are at least partially decoupled from external micro- and meso-
climates during the summer months (Juliussen and Humlum, 2008; Millar et al., 2013). It is, 
therefore, reasonable to assume that rock glaciers are comparatively climatically-resilient vs 
debris-free glaciers [and debris-covered glaciers to a lesser extent] (Anderson et al., 2018), 
and prolong long-term water storage in the high-mountain cryosphere. Notably, rock glaciers, 
therefore, are long-term water stores and thus may not constitute a readily available potable 
supply (Duguay et al., 2015; Rangecroft et al., 2015). At decadal and longer timescales under 
climate warming, however, it is anticipated that the hydrological contribution from rock glac-
iers to alpine streamflow will increase considerably (Thies et al., 2013; Geiger et al., 2014; 
Brighenti et al., 2019). Of note, a general lack of consensus concerning the present and future 
hydrological significance of rock glaciers pervades the literature (Duguay et al., 2015). With 
regards to rock glacier-catchment interactions, published studies suggest that rock glaciers 
may become increasingly important in shaping the properties of water bodies located down-
stream and alpine streams; discharge (timing, magnitude and duration) (Mateo and Daniels, 
2019, and references therein), hydrochemistry (Colombo et al., 2018b, and references 
therein) and hydroecology, for example (Brighenti et al., 2019, and references therein). Im-
portantly, the degree of activity of rock glaciers influences considerably their water storage 
and release behaviours – active rock glaciers contain ice and display movement, inactive rock 
glaciers contain ice but no longer display movement, and relict rock glaciers no longer contain 
ice nor display movement (Haeberli, 1985; Barsch, 1996). Indeed, as a consequence of degra-
dation of ice subjacent to the AL, rock glacier feature porosity and thus storage capacity may 
potentially increase. In turn, this will promote changes in the rock glacier discharge pattern 
and influence runoff generation strongly in alpine catchments (e.g., Wagner et al., 2016; 
Winkler et al., 2016b; Rogger et al., 2017).  
Regarding (ii), glacier recession in response to climate warming elicits a paraglacial (i.e. land-
scape relaxation) response whereby glaciers are undergoing a transition to rock glaciers (e.g., 
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Monnier and Kinnard, 2015b; Seppi et al., 2015; Monnier and Kinnard, 2017). Considering the 
above-described insulative and damping effects of debris cover (i.e. an AL), glacier-rock glacier 
interactions – e.g., large glacier-rock glacier composite features, that comprise debris-covered 
glaciers and rock glaciers in their upper and lower parts, respectively – arguably have im-
portant hydrological implications for high mountain systems and the surrounding lowlands. 
Further, throughout the twenty-first century, moreover, continued climate-driven deglacia-
tion and the associated shift from glacial- to paraglacial-dominated process regimes is likely 
to increase the frequency with which glacier-to-rock glacier transition occurs (Knight et al., 
2019). Importantly, however, significant unknowns remain regarding: (1) how glacier-to-rock 
glacier transition occurs and how quickly, (2) which glaciers are liable to undergo this transi-
tion, (3) the factors (geomorphic, climatic etc.) driving this process and (4) the consequential 
water supply implications. Furthermore, a long-standing academic debate regarding rock glac-
ier origin pervades the literature (see Barsch, 1977, 1987, 1996; Whalley and Martin, 1992; 
Hamilton and Whalley, 1995; Clark et al., 1998; Whalley and Azizi, 2003; Haeberli et al., 2006; 
Berthling, 2011) (see section 4.3.2) and forms the backdrop for this research focus.     
1.2 REGIONAL SETTING 
In this thesis, rock glaciers are investigated at global, regional (Himalaya), national (Nepalese 
Himalaya) and local (Khumbu Valley, Sagarmatha National Park [SNP], Nepal) spatial scales 
(Figure 1.2). In spite of improved systematic rock glacier inventory coverage (section 1.1), the 
Himalaya region remains comparatively data-deficient. No complete systematic rock glacier 
inventory exists within the study region. Across HMA1, with the exceptions of Blöthe et al. 
(2019), Pandey (2019) and Baral et al. (in press), rock glacier-related research has been con-
ducted at relatively small spatial scales or are incomplete inventories (e.g., Gorbunov et al., 
1992; Jakob, 1992; Barsch and Jakob, 1998; Gorbunov et al., 1998; Owen and England, 1998; 
Shroder et al., 2000; Ishikawa et al., 2001; Regmi, 2008; Bolch and Gorbunov, 2014; Schmid et 
al., 2015). The hydrological role of rock glaciers in the study region, therefore, is largely un-
known. 
 
1 The HMA region includes the Central Asia, South Asia East and South Asia West RGI regions (see Supplemen-
tary Figure 12.2).  




















































































































































































1.2.1 THE HIMALAYA 
The Himalaya form a north-west to south-east arc across latitudes from ~26°N to ~37°N, 
stretching some 2,500 km through northern Pakistan, northern India, Nepal, Bhutan and 
China. Forming part of the “Asian Water Towers” (Immerzeel et al., 2010), this region contains 
a glacierised area of ~22,800 km² (Bolch et al., 2012). The Himalaya are divided into three 
overarching regions – the West Himalaya, Central Himalaya and East Himalaya (ibid.). Within 
the catchments of the Indus, Ganges and Brahmaputra rivers ~900 million people depend 
upon glacier and snowpack meltwater to varying degrees, particularly during dry seasons and 
in mountain valleys (Center for International Earth Science Information Network - CIESIN - 
Columbia University, 2018). Furthermore, ecosystem services (e.g., water, food, energy) pro-
vided by the Himalaya directly sustain the livelihoods of >200 million people residing in the 
mountains and foothills (Sharma et al., 2019).  
The climate of the Himalaya is strongly influenced by the varying dominance of the East Asian 
and Indian monsoon systems and winds from the west (Bookhagen and Burbank, 2010; Scott 
et al., 2019). In the eastern Himalaya, monsoon-derived precipitation falls predominantly 
(>80%) between June to September (Bookhagen and Burbank, 2010). Precipitation in the 
north-western Himalaya is dominated by westerlies, where much of the annual high-altitude 
precipitation occurs during the winter months (ibid.). In excess of 50% of the total annual pre-
cipitation in the Karakoram and western Himalaya is delivered by fewer than ten extratropical 
cyclones (winter westerly disturbances [see Dimri et al., 2015]) that propagate eastwards each 
winter season (Lang and Barros, 2004; Barlow et al., 2005; Bookhagen and Burbank, 2010; 
Cannon et al., 2015). A strong south to north precipitation gradient exists across the Himalaya, 
from the Ganges plains and Himalayan foothills to the Tibetan Plateau (Kansakar et al., 2004; 
Bookhagen and Burbank, 2006, 2010). As a consequence, total precipitation ranges between 
2,000–5,000 mm yr⁻¹ in the Arunachal Pradesh region of India (south-eastern Himalaya) (Dhar 
and Nandargi, 2004) to >100 mm yr⁻¹ in the Ladakh region (north-western Himalaya) (Schmidt 
and Nüsser, 2012). In the latter (north-western Himalaya), therefore, glacier meltwaters are 
important for reliable water supplies, particularly during drought summers (Pritchard, 2019). 
Recent estimates of glacier ice volume across the Himalaya range between 1,237 and 1,909 
km³ (Frey et al., 2014). Across HMA, glaciers have predominantly experienced mass loss 
(Bajracharya et al., 2015), with estimated glacial mass change rates of -26 ± 12 Gt yr⁻¹ (2003–
2009) (Gardner et al., 2013). Further considerable glacier mass loss in HMA throughout the 
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twenty-first century is projected under a range of plausible emissions scenarios (e.g., Huss and 
Hock, 2015; Kraaijenbrink et al., 2017; Hock et al., 2019a; Shannon et al., 2019). Notably, 
changes within HMA are not confined to glaciers-only; an overall decrease in snow water 
equivalent has been reported, particularly during spring (MAM) and summer (JJA), for a num-
ber of catchments in HMA (Smith and Bookhagen, 2018). The ongoing decline of HMA’s cry‐
osphere may have strong implications for downstream water supply (Immerzeel et al., 2010; 
Bolch et al., 2012; Lutz et al., 2014; Pritchard, 2019), particularly following peak water. For the 
mid-range emissions scenario (RCP4.5), most basins fed by HMA glaciers are projected to 
reach peak water by ~2050 – 2045 ± 17 years (Indus), 2044 ± 21 years (Ganges) and 2049 ± 18 
years (Brahmaputra), for example (Huss and Hock, 2018).  
1.2.2 THE NEPALESE HIMALAYA 
Positioned within the Himalaya, Nepal is situated between the latitudes of 26°22’ to 30°27’ N 
and longitudes of 80°04’ to 88°12’ E and extends some 800 km east to west and an average 
~140 km north to south. Encompassing an area of 147,181 km², Nepal is divided into five prin-
cipal physiographical regions: Terai Plain, Siwalik Hills, Middle mountains, High mountains (in-
clusive of the Main Himalayas and the Inner Himalayan valleys), and the High Himalaya (see 
Shrestha and Aryal, 2011). In this thesis, research was primarily confined to the High Himalaya 
as this is where the majority of the permafrost region is found. Encompassing the area ≥4,000 
m a.s.l., this region is characterised by extremely rugged terrain and is home to eight of the 
ten highest peaks in the world. Furthermore, ~3,800 glaciers covering ~3,900 km² (~3%) of the 
total area of Nepal are primarily situated within this physiographic region (Bajracharya and 
Shrestha, 2011). The snowline altitude is ~5,000 m a.s.l. (Shrestha and Joshi, 2011) with 
~14,200 km² (~10%) of the total area of Nepal located above this elevation.  
Due to the topographical extremes of the High mountains and High Himalaya, the climate 
type ranges from subtropical in the south to arctic in the north. The Asian summer monsoon 
dominates the climate of Nepal, providing most of the precipitation during June–September 
(Shrestha and Aryal, 2011); dependent on the location, ~80% of annual precipitation may oc-
cur within this period (Shrestha, 2000). Winter and spring precipitation predominantly falls as 
snow, forming snowpack stores that provide critical meltwater during the dry season (Febru-
ary–April). Alongside snowpack melt, glacier-derived meltwater contributions are important 
for maintaining the perennial flow of the major rivers in Nepal and also the Ganges in India 
(Shrestha and Aryal, 2011). Consequently, projected reductions in glacial coverage under 
ROCK GLACIERS AND WATER SUPPLIES IN THE HIMALAYA 
30 
 
climate change, compounded by poor infrastructure and high population growth (Udmale et 
al., 2016), will have regional consequences for water resource availability (Shrestha and Aryal, 
2011). 
1.2.3 THE KHUMBU VALLEY 
Located in the SNP, north-western Nepal, the Khumbu Valley (27°56’N, 86°49’E) encompasses 
some of the world’s most striking peaks – Mount Everest (8,848 m a.s.l.), Mount Lhotse (8,516 
m a.s.l.) and Mount Nuptse (7,861 m a.s.l.). This study region contains a number of landforms 
from across the spectrum of the glacial-paraglacial-periglacial landscape continuum within a 
relatively small spatial area. Dominating the Khumbu Valley, the ~15.7 km long Khumbu Glac-
ier emerges from the Western Cwm and flows between the aforementioned peaks via the 
Khumbu Icefall, terminating at ~4,900 m a.s.l. The lowermost ~8 km of the glacier is debris-
mantled, with debris thickness increasing towards the glacier terminus and reaching several 
metres (Nakawo et al., 1986). The debris-covered glacier tongue is characterised by a very low 
gradient, with the lowermost 3–4 km believed to be flowing at velocities <10 m a⁻¹ (i.e. stag‐
nant) (Hambrey et al., 2008; Quincey et al., 2009), and a pair of prominent lateral moraines 
dating from the Little Ice Age (LIA) (Rowan, 2017). Lobuche Glacier on the western side of 
Khumbu Glacier is smaller and encompasses a relic debris-mantled ablation zone ~1 km in 
length that is disconnected from the clean-ice accumulation zone (Watson et al., 2018). The 
eastern valley side (Pokalde Massif) is characterised by a number of rock glaciers, two of which 
– Lingten and Pokalde – are investigated in this thesis. Chola Glacier, believed to be a glacier-
rock glacier composite landform (Knight et al., 2019), is located beyond the terminus of 
Khumbu Glacier beneath Mount Taboche (6,542 m a.s.l.) and Mount Cholatse (6,440 m a.s.l.) 
and flows ~3 km to ~4,400 m a.s.l. 
The regional climate is dominated by the East Asian and Indian monsoon systems, with data 
from the PYRAMID Observatory Laboratory (hereafter: PYRAMID) near Lobuche (5035 m 
a.s.l.) indicating that 90% of annual precipitation falls during June-September (Bollasina et al., 
2002; Salerno et al., 2015). Also, instrumental records reflect a topographically-driven steep 
precipitation gradient, with pronounced south (Chaurikharka [~2,600 m a.s.l.]: 2,418 mm yr⁻¹) 
to north (PYRAMID: 449 mm yr⁻¹) reduction in precipitation within the SNP (Salerno et al., 
2015). Mean annual air temperature (MAAT) at the PYRAMID (1994–2012) was -2.4 °C, and 
mean temperature above 5,000 m a.s.l. is increasing by 0.044 °C yr⁻¹ (ibid.). Seismic refraction 
studies conducted on four rock glaciers in the study region indicate that the regional lower 
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limit of discontinuous permafrost is situated at ⋍5,000–5,300 m a.s.l. (Jakob, 1992); The de-




 RESEARCH AIMS  
This thesis aims primarily to review and extend scientific knowledge of the role of rock glaciers 
in mountain hydrology through advancing the understanding of their frequency, spatial distri-
bution, hydrological importance and evolutionary pathways (e.g., glacier-to-rock glacier tran-
sition). This aim is addressed through three interrelated themes:  
Theme 1. The hydrological role and importance of rock glaciers globally. 
For high mountain systems at the global-scale, characterise  
i.  The hydrological role played by rock glaciers, and 
ii.  The water equivalent volume (WVEQ) stored in rock glaciers 
Theme 2. Rock glacier distribution and hydrological significance in the Nepalese and 
Himalaya. 
Address the paucity of data regarding the distribution and hydrological signifi-
cance of rock glaciers at  
i.  A national spatial scale – The Nepalese Himalaya, and 
ii. A regional spatial scale – The Himalaya  
Theme 3.  Advancing rock glacier evolutionary theory. 
Advance the understanding of rock glacier evolution, particularly in deglacieriz-
ing mountains, by  
i. Considering firstly the evolution of rock glaciers over time and space, and 
secondly their relationships with other mountain landforms, and 
ii. Developing a conceptual hypothesis for glacier-to-rock glacier transition 








 RESEARCH THEMES AND OBJECTIVES 
3.1 THEME 1: RATIONALE AND OBJECTIVES 
The high-mountain cryosphere forms an integral element of global high mountain systems, 
within which ~10% (671 million people) of the global population reside. Human-induced cli-
mate change threatens these natural ‘water towers’, affecting human systems in mountains 
and the surrounding lowlands (see Beniston, 2003; Huss et al., 2017; Milner et al., 2017). Rock 
glaciers are reportedly climatically more resilient than debris-covered glaciers and glaciers and 
contain potentially hydrologically valuable ice volumes, and yet to date have received consid-
erably less research attention (Duguay et al., 2015). There exists a need, therefore, to synthe-
sise and evaluate published articles regarding the hydrological role of rock glaciers in high 
mountain systems. In this thesis, Chapter 4 serves as a detailed literature review.  
Objectives [Chapter 4] 
▪ Review and assess the state of current scientific knowledge about the hydrological role 
and contribution of rock glaciers in mountain regions, and signpost towards critical future 
directions for rock glacier hydrological research. 
Key to understanding the global and regional hydrological implications of rock glaciers is quan-
tifying their WVEQ at the global and regional spatial scales. Considerable recent research ef-
forts have greatly elaborated the spatial coverage of systematic rock glacier inventories; how-
ever, as yet no global-scale (complete) inventory has been compiled, despite previously being 
described as the “most pressing need” in rock glacier research (Janke et al., 2013). Further-
more, few existing published articles have assessed the WVEQ of rock glaciers.  
Objectives [Chapter 5] 
▪ Conduct a meta-analysis of existing systematic rock glacier inventories globally and com-
pile the first global-scale rock glacier database (RGDB), in order to  
i.  Calculate the WVEQ stored in rock glaciers at global and regional spatial scales. 
ii.  Assess rock glacier and glacier WVEQ at global and regional spatial scales. 
iii.  Identify key data-deficient regions as future research priorities. 
▪ Make the RGDB open-access to encourage further data sharing and inventory standardi-
sation within the rock glacier research community*. 
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*N.B. this objective feeds directly into the objectives of the International Permafrost Associa-
tion Action Group (2018–2020) – Rock Glacier Inventories and Kinematics (for further infor-
mation see https://www3.unifr.ch/geo/geomorphology/en/research/ipa-action-group-rock-
glacier/).  
3.2 THEME 2: RATIONALE AND OBJECTIVES 
In HMA, continued climate-induced glacier recession [and mass loss] throughout the twenty-
first century is projected under a range of RCPs (e.g., Kraaijenbrink et al., 2017; Hock et al., 
2019a; Shannon et al., 2019). For the 800 million people dependent at least in part on melt-
water from them (Pritchard, 2019), the anticipated effects of continued glacier recession will 
have serious implications (see Beniston, 2003; Huss et al., 2017; Milner et al., 2017). Bolch et 
al. ’s (2012) review – “The State and Fate of Himalayan Glaciers” – and (2019b) assessment – 
“Status and Change of the Cryosphere in the Extended Hindu Kush Himalaya Region” – syn-
thesise and evaluate the state of knowledge regarding changes in the high-mountain cry-
osphere; however, in these publications rock glaciers are not or only briefly mentioned, re-
spectively. Existing research from other mountainous regions suggests that rock glaciers may 
constitute hydrologically valuable water stores, particularly in semi-arid and arid zones where 
glaciers are absent or have limited presence (e.g., Azócar and Brenning, 2010; Rangecroft et 
al., 2015; Janke et al., 2017). Yet, across HMA rock glacier-related research has been con-
ducted at relatively small spatial scales. Research that has been undertaken (i.e. rock glacier 
inventories) at national or regional spatial scales is generally incomplete (e.g., Regmi, 2008; 
Schmid et al., 2015). In deglacierizing mountains, the relative hydrological value and influence 
of rock glaciers could potentially increase; therefore, a spatially explicit understanding of the 
distribution and WVEQ of rock glaciers within this region is necessary. Furthermore, the re-
sults of Theme 2 will provide a unique scientific baseline from which rock glacier response to 
current and future climate change can be assessed. 
Objectives [Chapter 6] 
▪ For the Nepalese Himalaya, compile the first systematic inventory of rock glaciers, in order 
to  
i. Characterise rock glacier frequency, spatial distribution, dynamic status and morpho-
metric characteristics. 
ii. Improve understanding of the geomorphic conditions necessary for rock glacier for-
mation and persistence within the study region. 
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iii. Calculate rock glacier WVEQ. 
iv. Assess rock glacier and glacier WVEQ across a range of spatial scales. 
Objectives [Chapter 7] 
▪ For the Himalaya, compile the first systematic inventory of rock glaciers using the meth-
odology developed in Chapter 6, in order to  
i. Characterise rock glacier frequency, spatial distribution, dynamic status and morpho-
metric characteristics. 
ii. Calculate rock glacier WVEQ. 
iii.  Assess rock glacier and glacier WVEQ across a range of spatial scales. 
3.3 THEME 3: RATIONALE AND OBJECTIVES 
In deglacierizing high mountain systems, climatically-driven glacier recession is accompanied 
by a paraglacial (i.e. landscape relaxation) response whereby glaciers are undergoing a transi-
tion to rock glaciers (Knight and Harrison, 2014b). It is hypothesised that glacier-to-rock glacier 
transition has important implications for the climatic resilience of the high-mountain cry-
osphere given that rock glaciers are: (i) reportedly climatically more resilient than glaciers; and 
(ii) may have a long residence time in the landscape dissimilar to many other glacially influ-
enced mountain landforms. Yet, little is known in terms of (i) the relationships of rock glaciers 
to glacial, periglacial and paraglacial environments and processes, and the implications of rock 
glacier development on long-term mountain landscape evolution; and (ii) the glacier-to-rock 
glacier transitional process – how this transition occurs and how quickly, which glaciers are 
liable to transition, the factors driving this process and the water supply implications that fol-
low. 
Objectives [Chapter 8] 
▪ Consider the morphodynamic significance of rock glaciers in deglacierizing mountains, by  
i. Considering the relationships of rock glaciers to glacial, periglacial and paraglacial en-
vironments and processes. 
ii. Characterising specific examples of rock glaciers at local spatial-scales (Khumbu Valley, 
SNP, Nepal) across a range of geomorphic settings. 
iii.  Propose a genetic classification model to describe the corelationships between differ-
ent controls on rock glacier origin and evolution through their lifecycle using the findings 
of (i) and (ii). 
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Objectives [Chapter 9] 
▪ (1) Produce a fine spatial-scale 3-D-model of a landform potentially undergoing glacier-to-
rock glacier transition; and (2) characterise the sedimentology of six landsystems on the 
evolutionary spectrum from glaciers to rock glaciers, in order to  
i. Assess the surface geomorphic features of a potentially transitional landform. 
ii. Assess the textural properties of the features investigated. 
iii. Develop a conceptual hypothesis for glacier-to-rock glacier transition using the find-





 ROCK GLACIERS AND MOUNTAIN HYDROLOGY: A REVIEW 
4.1 ABSTRACT 
In mountainous regions, climate change threatens cryospheric water resources, and under-
standing all components of the hydrological cycle is necessary for effective water resource 
management. Rock glaciers are climatically more resilient than glaciers and contain potentially 
hydrologically valuable ice volumes, and yet have received less attention, even though rock 
glacier hydrological importance may increase under future climate warming. In synthesising 
data from a range of global studies, we provide the first comprehensive evaluation of the hy-
drological role played by rock glaciers. We evaluate hydrological significance over a range of 
temporal and spatial scales, alongside the complex multiple hydrological processes with which 
rock glaciers can interact diurnally, seasonally, annually, decadally and both at local and re-
gional extents. We report that although no global-extent, complete inventory for rock glaciers 
exists currently, recent research efforts have greatly elaborated spatial coverage. Using these 
research papers, we synthesise information on rock glacier spatial distribution, morphometric 
characteristics, surface and subsurface features, ice-storage and hydrological flow dynamics, 
water chemistry, and future resilience, from which we provide the first comprehensive eval-
uation of their hydrological contribution. We identify and discuss long-, intermediate- and 
short-term timescales for rock glacier storage, allowing a more balanced assessment of the 
contrasting perspectives regarding the relative significance of rock glacier-derived hydrologi-
cal contributions compared to other water sources. We show that further empirical observa-
tions are required to gain a deeper hydrological understanding of rock glaciers, in terms of (i) 
their genesis and geomorphological dynamics (ii) total ice/water volume; (iii) water discharge; 
and (iv) water quality. Lastly, we hypothesise that at decadal and longer timescales, under 
future climate warming, degradation of ice within rock glaciers may represent an increasing 
hydrological contribution to downstream regions, and thus increased hydrological signifi-
cance while rock glacier water stores persist. 
4.2 INTRODUCTION 
Glacierised high mountain systems worldwide form natural ‘water towers’ that constitute a 
significant freshwater source for downstream regions, particularly in arid and semi-arid zones 
(Messerli et al., 2004; Viviroli et al., 2007). Here, glacial- and snowpack-derived meltwaters 
buffer hydrological seasonality, contributing to streamflow in otherwise low-flow conditions 
during drier months (e.g., Kaser et al., 2010). In this context, the mountain cryosphere (snow, 




ice and permafrost) is important for ecosystem services provision (Grêt-Regamey et al., 2012), 
supplying multiple societal needs within mountains and the surrounding lowlands – potable 
water supplies, energy generation (hydropower) and agriculture, for example (Immerzeel et 
al., 2010; Viviroli et al., 2011). In vulnerable drought-prone regions, particularly, glaciers rep-
resent an important drought-resilient water source (Bolch, 2017). This has been illustrated for 
several high-altitude cities located in the Andes (Wouter et al., 2017) (Table 4.1).  
Table 4.1. Relative contribution of glacial melt (%) to the water supply of selected cities under different meteoro-
logical conditions. Values in square brackets indicate the uncertainty ranges of the estimates. After Wouter et al. 
(2017). 
 Quito (Ecuador) La Paz (Bolivia) Huaraz (Peru) 
[NY] Annual average  2.2 [0.9–5.0] 14.8 [5.9–26.8] 19.0 [7.5–35.4] 
[NY] Monthly maximum 5.3 [2.3–11.1] 61.1 [37.8–77.1] 67.3 [41.9–82.8] 
[DY] Annual average 3.7 [1.5–8.0] 15.9 [6.4–29.4] 27.2 [11.6–46.7] 
[DY] Monthly maximum 15.4 [7.3–27.6] 85.7 [74.1–91.5] 91.1 [78.1–96.0] 
NY = Normal Year 
DY = Drought Year 
 
The rapid near-global retreat of mountain glaciers, predominantly attributed to anthropo-
genic causes (Marzeion et al., 2014), has previously been reported (Gardner et al., 2013) and 
glacial retreat and mass loss is projected to continue throughout the twenty-first century 
(Marzeion et al., 2012; Radić et al., 2014; Huss and Hock, 2015). Furthermore, under high-end 
climate change scenarios (RCP8.5) Shannon et al. (2019) project global ensemble mean glacier 
volume loss to be -64 ± 5% (excluding glaciers situated on the periphery of the Antarctic ice 
sheet) towards the end of the century, with particular regions experiencing mass losses ex-
ceeding 75%, including Central Europe, Caucasus, HMA and Southern Andes. Even under con-
servative projections – limiting global warming to 1.5 °C above pre-industrial levels (Paris 
Agreement) – substantial glacier mass loss occurs; e.g., ~36% reductions in glacier mass by 
2100 in HMA (Kraaijenbrink et al., 2017). Elevation-dependent warming, i.e. rates of warming 
are amplified with increasing elevation, suggests high-altitude environments will likely expe-
rience comparatively faster warming rates than those at lower elevations, particularly at low-
latitudes (Vuille et al., 2008; Mountain Research Initiative EDW Working Group, 2015). Indeed, 
within certain low-latitude mountain ranges, complete loss of glaciers has already occurred 
(Rabatel et al., 2013). Therefore, long-term glacial stores are finite (Jansson et al., 2003).  
In the short-term, annual water release from long-term glacial storage increases; however, 
beyond ‘peak water’ enhanced melt rates are overwhelmed by glacier shrinkage, and 
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projected glacier runoff gradually declines. For example, recent global-scale projections en-
compassing 56 glacierised macroscale (>5,000 km²) basins suggests that to date (2017) peak 
water has been reached in 45% of the 56 studied basins, increasing to 78% by 2050 (RCP4.5) 
(Huss and Hock, 2018). Critically, by 2100 Huss and Hock (2018) report glacier runoff reduc-
tions exceeding 10% during at least one month of the melt season for one-third of the studied 
basins; the largest of which occur in Central Asian and Andean basins. These findings are cor-
roborated across a range of spatial scales (e.g., Baraer et al., 2012; Sorg et al., 2014a; Frans et 
al., 2016; Hanzer et al., 2018). Importantly, accompanying glacier mass loss, the potential oc-
currence of increased rain-to-snow fraction (Berghuijs et al., 2014), reductions in snow cover 
extent and/or duration (Brown and Mote, 2009; Bavay et al., 2013; Zhou et al., 2017), seasonal 
runoff maxima shifts towards earlier in the year (Hanzer et al., 2018; Huss and Hock, 2018) 
and widespread permafrost degradation (Haeberli, 2013; Biskaborn et al., 2019) will further 
reduce long-term runoff in snowmelt- and icemelt-dominated basins. 
The anticipated effects of the future decline of the mountain cryosphere pose far-reaching 
challenges for effective freshwater resource management. Several studies have previously 
summarised and discussed such impacts on anthropogenic and ecologic systems (see 
Beniston, 2003; Barnett et al., 2005; Bolch et al., 2012; Huss et al., 2017; Milner et al., 2017; 
Beniston et al., 2018), and we refer interested readers to those manuscripts for details. In 
terms of climate change adaptation strategies, an understanding of all components of the hy-
drological cycle in high mountain systems is vital (Jones et al., 2018a). However, whilst much 
has been written on the hydrological role of debris-free glaciers (see Fountain and Walder, 
1998; Jansson et al., 2003; Irvine‐Fynn et al., 2011) and increasingly on debris-covered glaciers 
(Fyffe et al., 2019, and references therein), that of rock glaciers has received comparatively 
less attention (Duguay et al., 2015). 
Rock glaciers are landforms consisting of a continuous, thick seasonally frozen debris layer (i.e. 
the AL) covering ice-supersaturated debris or pure ice (Berthling, 2011; Bonnaventure and 
Lamoureux, 2013). They are formed by gravity-driven creep as a consequence of internal ice 
deformation. Intact rock glaciers (i.e. those features within which ice presence is expected 
beneath the AL [Barsch, 1996]) are thought to contain ice volumes of significant value (Azócar 
and Brenning, 2010; Rangecroft et al., 2015; Jones et al., 2018b; Munroe, 2018). Critically, due 
to the insulating effect of the AL, internal thermal regimes are at least partially decoupled from 
external micro- and meso-climates in summer (Juliussen and Humlum, 2008; Millar et al., 




2013). As a result, rock glaciers are reasonably assumed to have retarded ice melt, which sug-
gests these landforms may prolong long-term water storage in high mountain systems and 
buffer losses from alternative sources (Millar et al., 2013; Rangecroft et al., 2015; Bosson and 
Lambiel, 2016; Jones et al., 2018b). Furthermore, rock glacier presence and abundance affects 
the amount and properties of runoff from high mountain watersheds. The potential hydro-
logical value of rock glaciers, and thus their importance in terms of hydrological research, was 
first noted by Corte (1976). Yet, despite an acceleration of rock glacier-related research during 
recent decades – searches within Scopus using ‘Article title, Abstract, Keywords’ for all spelling 
variants of rock glacier(s) generated 973 peer-reviewed articles and reviews to date2, 390 
(40%) of which have been published since 2010 – research focusing upon their hydrological 
role remains limited. For example, Duguay et al. (2015) report that searches of both ISI Web 
of Science™ and Geobase™ resulted in just 28 papers with an appropriate discussion on rock 
glacier hydrology. Therefore, despite the near-ubiquitous nature of rock glaciers in high moun-
tain systems (Jones et al., 2018a), there remains a need to understand the state-of-knowledge 
regarding the hydrological role of rock glaciers. The rationale and aim of this manuscript is 
thus to describe the state of current scientific knowledge about the hydrological role and con-
tribution of rock glaciers in mountain regions. 
4.3 ROCK GLACIERS 
4.3.1 ROCK GLACIER CHARACTERISTICS 
Rock glaciers are lobate or tongue-shaped assemblages of poorly sorted, angular-rock debris 
and ice (ice-cored or ice-cemented [see section 4.3.2]) commonly found in high mountain en-
vironments, which move as a consequence of the deformation of internal ice (Giardino and 
Vitek, 1988; Barsch, 1996). Previously, rock glaciers have been classified according to their ice 
content and dynamic behaviour (Figure 4.1); active rock glaciers contain ice and display move-
ment, inactive rock glaciers contain ice and no longer display movement and fossil rock glaci-
ers do not contain ice and no longer move, and are referred to regularly as relict (Haeberli, 
1985; Barsch, 1996). Importantly, Kääb (2013) notes that “this classification is a theoretical 
concept. The transition between the three stages is actually continuous”.  
Active rock glaciers display rates of movement in the order of centimetres to a few decimetres 
per year (see Table 3 in Janke et al., 2013), although cases have been reported with surface 
 
2 March 2019. 
ROCK GLACIERS AND WATER SUPPLIES IN THE HIMALAYA 
42 
 
velocities of several metres per year (Gorbunov et al., 1992; Kääb et al., 2003; Delaloye et al., 
2013; Sorg et al., 2015; Hartl et al., 2016b; Eriksen et al., 2018). They are characterised by 
distinctive flow-like morphometric features reflecting their visco-plastic properties; spatially 
organised longitudinal or transverse ridge-and-furrow assemblages, steep (~>30–35°) and 
sharp-crested front and lateral slopes that typically rise 15–70 m above adjacent terrain, light-
coloured (i.e. little weathered) frontal slope in contrast to the dark-coloured rock-varnished 
(i.e. greatly weathered) uppermost surface, a swollen, noticeably longitudinally convex ap-
pearance of the rock glacier body, and an absence of vegetation and/or lichen cover 
(Wahrhaftig and Cox, 1959; Martin and Whalley, 1987; Baroni et al., 2004; Haeberli et al., 
2006; Harrison et al., 2008).  
Inactive rock glaciers still contain ice but are immobile. Two types of inactivity can be defined: 
climatically inactive, where the ice has melted; and dynamically inactive where there is re-
duced nourishment of talus and/or ice as the rock glacier extends too far from the headwall 
(e.g., Kellerer-Pirklbauer and Rieckh, 2016), are cited as possible causes for this behaviour (see 
Barsch, 1996, p. 8–10). In comparison to active rock glaciers, the surface micro-topography of 
inactive features is relatively subdued. They generally have gentler, dark-coloured rock-var-
nished frontal slopes with partial to full vegetation and/or lichen cover (Ikeda and Matsuoka, 
2002). As a consequence of the difficulty of differentiating between active and inactive forms, 
particularly through photogeomorphology, active and inactive rock glaciers are often collec-
tively termed intact.  
Relict rock glaciers, defined as former rock glaciers, no longer contain any ice and are charac-
terised by subdued surface micro–topography. They often exhibit surface collapse features 
including thermokarst ponds, i.e. water-filled depressions resulting from melting of stagnant 
glacial ice, and have gentler (~ < 30°) and round-crested front and lateral slopes, a dark-col-
oured rock-varnished frontal slope, and extensive vegetation and/or lichen cover (Martin and 
Whalley, 1987; Barsch, 1996; Baroni et al., 2004; Harrison et al., 2008).  





Figure 4.1. Typical examples of active [a, b], inactive [c, d] and relict [e, f] rock glaciers from around the world: (a) 
Sourdough rock glacier, Wrangell Mountains, AK, USA (61°23’N, 142°44’W). Note the steep headwall that serves 
as a source of snow avalanches and rockfall; (b) Caquella rock glacier, Bolivian Andes of South Lipez, Bolivia 
(21°29’S, 67°55’W); (c) Liapey d’Enfer rock glacier, Hérens valley, Swiss Alps, Switzerland (46°05’N, 7°32’E); (d) rock 
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glaciers in the Niggelingtälli, Turtmann Valley, Swiss Alps, Switzerland (46°13’N, 7°45’E); (e) Hoelltal rock glacier, 
Niedere Tauern Range, Central Eastern Alps, Austria (47°22’N, 14°39’E); (f) rock glaciers beneath Le Mourin moun‐
tain, Valais, Swiss Alps, Switzerland (45°56’N, 7°10’E). On the photographs, dashed lines correspond to the approx‐
imate rock glacier boundary. Images [a] modified after Anderson et al. (2018) and [b–f] from Google Earth. 
It is important to note that recognition, delineation and classification (in terms of their activity) 
is not a trivial undertaking both from in situ surveys, or from analysis of remote sensing/pho-
tographic data, particularly where: (i) the “characteristic” surface morphology is not evident 
(Whalley et al., 1986), and/or (ii) rock glaciers form multi-lobed complexes with lobes of dif-
ferent activity types superimposed and embedded onto/into one another, forming a cascad-
ing form with active lobes at higher elevations and relict lobes at lower elevations (Roer and 
Nyenhuis, 2007). Regardless, identifying and establishing the activity status of rock glaciers 
represents an important initial step in determining their potential hydrological significance.  
4.3.2 ROCK GLACIER ORIGIN AND EVOLUTION 
A long-standing academic debate regarding rock glacier origin pervades the literature (see 
Barsch, 1977, 1987, 1996; Whalley and Martin, 1992; Hamilton and Whalley, 1995; Clark et 
al., 1998; Whalley and Azizi, 2003; Haeberli et al., 2006; Berthling, 2011). Specifically, the rock 
glacier controversy can be framed as the permafrost model where internal ice is assumed to 
be of a dominantly periglacial/permafrost origin (Haeberli, 1985) vs the glacier ice core model 
where a dominant glacial origin is assumed. In reality, within deglacierizing mountains rock 
glaciers are equifinal inasmuch as they can arise from separate or combined periglacial, glacial 
and paraglacial (i.e. landscape relaxation) processes (Knight et al., 2019). Indeed, glaciological 
vs slope vs climatic controls on the evolution of rock glaciers may vary through the rock glacier 
life cycle (ibid.). Here, we do not seek to contribute to this debate (this is beyond the scope of 
this paper) – several papers have already discussed the arguments for and against the differ-
ent positions (see Whalley and Martin, 1992; Barsch, 1996; Haeberli et al., 2006; Berthling, 
2011, for reviews); rather, we adopt the dispassionate view that rock glaciers can be derived 
through either model (as per Berthling, 2011) and proceed to describe these hypotheses in 
further detail below.  
 The permafrost model for rock glacier genesis follows Wahrhaftig and Cox (1959) where in-
terstitial ice (pore-ice) or segregated ice (ice lenses), primarily derived from either the freezing 
of rain and meltwater percolating through the rock glacier matrix, the freezing of groundwa-
ter, and/or the burial of snow and ice accumulations (Burger et al., 1999; Haeberli, 2000; 
Haeberli et al., 2006), produces creep (Wahrhaftig and Cox, 1959; Barsch, 1977, 1987, 1988, 




1996; Haeberli, 1985). Rock glaciers of periglacial origin are often called talus-derived rock 
glaciers (Humlum, 1996) or ice-cemented rock glaciers (Wayne, 1981). Of note is the occur-
rence of rock glaciers in nonglacial, periglacial environments; therefore, past or present glaci-
ation is not a prerequisite for their formation (Haeberli, 1985; Giardino and Vitek, 1988; 
Hamilton and Whalley, 1995). Proponents of this model suggest that little evidence exists to 
support the glacier ice core model (see Berthling, 2011, for detailed discussion), although they 
acknowledge the possibility of incorporation of glacier (sedimentary) ice in permafrost (e.g., 
Haeberli, 1989; Haeberli and Vonder Mühll, 1996; Kääb et al., 1997; Haeberli et al., 2006). In 
such cases, it is argued that the long-term existence of these rock glaciers requires permafrost 
conditions (Harris and Murton, 2005; Berthling, 2011; Kääb, 2013).  
Based on in situ data, other authors have presented evidence that supports a glacigenic origin 
(i.e. glacier ice core model) for certain rock glaciers (Outcalt and Benedict, 1965; Potter, 1972; 
Whalley, 1974; White, 1976; Whalley et al., 1994; Humlum, 1996; Potter et al., 1998; Ishikawa 
et al., 2001; Monnier et al., 2013; Petersen et al., 2016; Guglielmin et al., 2018). This model 
involves the creep of a thin (typically <50 m) ice body, which has been buried and preserved 
by an insulating weathered rock debris layer (Whalley and Martin, 1992; Whalley and Azizi, 
2003). Recently, Anderson et al. (2018) showed that rock glaciers of glacigenic origin represent 
a plausible end-member response that is captured in numerical models of debris-free glaciers. 
Rock glaciers of this type are also referred to as moraine-derived rock glaciers (Harrison et al., 
2008), ice-cored rock glaciers (Potter, 1972), glacier ice-cored rock glaciers (Johnson, 1978) or 
glacier-derived rock glaciers (Humlum, 1996). Figure 4.2 represents a simplified perspective 
of rock glacier composition for features derived from either the permafrost or glacier ice core 
model as outlined by Martin and Whalley (1987). 




Figure 4.2. A basic representation of rock glacier internal composition associated with the glacier ice-core and 
permafrost models. Modified after Martin and Whalley (1987). 
Proponents of the two competing concepts of rock glacier formation generally focus on al-
ready well-developed landforms (Monnier and Kinnard, 2015b). Yet, there are striking exam-
ples of large glacier-rock glacier composite features where the lowermost parts of debris-cov-
ered glaciers are currently developing into rock glaciers. Cases of glacier-to-rock glacier transi-
tion within relatively short timescales have been reported; for example, within ca. 50 years at 
Sachen Glacier, Nanga Parbat, Pakistan (Shroder et al., 2000) and ca. 60 years at Presentesera-
cae debris-covered glacier, central Andes, Chile (Monnier and Kinnard, 2015b). Nevertheless, 
studies of glacier-rock glacier interactions are rarely orientated towards such examples 
(Monnier and Kinnard, 2015b), in spite of their potential to elucidate the drivers behind which 
glaciers will fully transition into rock glaciers and those which will downwaste. 
Here, it is important to distinguish between rock glaciers (cf. section 4.3.1) and debris-covered 
glaciers (Hambrey et al., 2008; Benn and Evans, 2010; Cogley et al., 2011; Jiskoot, 2011; 
Kirkbride, 2011), particularly when reviewing the hydrological significance of the former; 




grouping these features would incorrectly inflate the hydrological significance of rock glaciers. 
Debris-covered glaciers are glaciers in which the ablation zone is partly or wholly covered with 
thin (typically less than several-decimetres thick) supraglacial debris (Kirkbride, 2011). There 
are critical differences between rock glaciers and debris-covered glaciers: rock glacier move-
ment is governed by internal deformation, the majority of which occurs in a shear zone at 
depth within the feature (Arenson et al., 2002; Buchli et al., 2013, 2018; Krainer et al., 2015; 
Kenner et al., 2017a); debris-covered glacier motion may occur due to internal deformation, 
basal sliding, and soft bed deformation. Importantly, basal sliding is generally non-occurring 
or very limited for cold-based debris-covered glaciers (i.e. glaciers frozen to their beds), and 
only debris-covered glaciers underlain by a soft deformable substrate (i.e. unlithified sedi-
ments or poorly consolidated sedimentary rocks) exhibit soft bed deformation. The surface of 
debris-covered glaciers is complex topographically, consisting of a spatially-chaotic mosaic of 
features such as hummocks, depressions, supraglacial melt ponds and ice cliffs; the surficial 
instability and discontinuity of the debris-covered glacier debris layer mean that such ice ex-
posures are frequently visible. Contrastingly, rock glacier surfaces are characterised by spa-
tially coherent flow-like topography (section 4.3.1), and surficial ice-exposures are infrequent.  
Monnier and Kinnard (2017) identify three types of glacier-rock glacier dynamic relationships 
within the literature: (i) the re-advance of glaciers or debris-covered glaciers overriding older 
permafrost bodies and coalescing (Lugon et al., 2004; Haeberli, 2005; Ribolini et al., 2007, 
2010; Monnier et al., 2013; Dusik et al., 2015; Bosson and Lambiel, 2016; Kellerer-Pirklbauer 
and Kaufmann, 2018; Kenner, 2019). Such glacier-rock glacier interactions are defined by the 
permafrost model; (ii) the continuous emergence of a rock glacier from a debris-covered glac-
ier, as indicated by the evolution of the surface morphology, together with the creep of a 
massive and continuous ice body that has been buried and preserved (Potter, 1972; Potter et 
al., 1998; Humlum, 2000; Krainer and Mostler, 2000). These types of glacier-rock glacier inter-
actions are described by the glacier ice core model; (iii) debris-covered glacier-to-rock glacier 
transition through the evolution of the surface morphology and the internal structure, i.e. the 
development of a perennially frozen ice-rock mixture resulting from the incorporation of sur-
face-derived debris and periglacial ice and fragmentation of the initial massive and continuous 
ice body (Monnier and Kinnard, 2015b, 2017; Seppi et al., 2015). Monnier and Kinnard (2015b) 
describe this as an alternative to the dichotomous debate between a periglacial or glacial 
origin. Regarding (ii) and (iii), the emerging rock glacier and debris-covered glacier morphology 
are in complete continuity, suggesting a continuum between debris-free glaciers and rock 
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glaciers where debris-covered glaciers form an intermediate stage (Giardino and Vitek, 1988; 
Ackert, 1998).  
With continued climate-driven deglaciation, high mountain systems are transitioning from 
glacial to paraglacial dominated process regimes (Harrison, 2009). Ballantyne et al. (2014) 
note that formerly glacierised high mountain systems “are characterised by a high spatial den-
sity of large-scale post-glacial rock-slope failures (RSFs) such as major rockfalls, rockslides, rock 
avalanches and deep-seated gravitational slope deformations”. RSFs occur in response to 
debuttressing or deglacial unloading that follows the exposure of glacially steepened 
rockwalls by glacier downwastage and retreat (Ballantyne, 2002b; Fischer et al., 2006). In the 
context of current and future climatic conditions, enhanced paraglacial processes (i.e. RSFs) 
driven by continuing deglaciation could increase supraglacial debris accumulation upon glacial 
forms, and thus limit ablation of the underlying ice (section 4.4) (Lambrecht et al., 2011; 
Pellicciotti et al., 2014; Lardeux et al., 2016). Thick supraglacial debris cover (i.e. decimetres to 
metres) influences glacier dynamics significantly, as inefficient sediment evacuation processes 
encourage glacier-rock glacier interactions (Shroder et al., 2000). Recent numerical model 
simulations report that under significant warming (+2.5 °C) debris-covered glacier-to-rock 
glacier transition can occur rapidly (~100 years) (Anderson et al., 2018). Therefore, glacier-
rock glacier interactions could enhance the resilience of the mountain cryosphere, preserving 
frozen water stores as glaciers transition to rock glacier forms. Importantly, however, these 
landform assemblages are not included in glacio-hydrological modelling, which usually fo-
cuses solely on glaciers (Bolch et al., 2019a, and references therein). As such, an improved 
understanding of glacier-rock glacier dynamic relationships is critically important in the con-
text of future water resources management. We further argue that of particular importance 
are empirical studies that seek to elucidate the drivers behind which glaciers will fully transi-
tion into rock glaciers and those which will simply downwaste. 
4.3.3 ROCK GLACIER WATER STORAGE 
Rock glacier water storage occurs as ice, snow and water at long-term, intermediate-term and 
short-term timescales (Jones et al., 2018b) (Figure 4.3), similar to glacier storage (cf. Jansson 
et al., 2003). Long-term storage concerns ice storage below the AL of rock glaciers on multi-
annual to centennial and millennial timescales (e.g., Clark et al., 1996; Krainer et al., 2015). 
Recent research concludes that rock glaciers constitute non-negligible long-term water stores, 
particularly in deglacierizing/deglacierized semi-arid and arid regions (section 4.5). In addition, 




this storage also includes the release of these water stores through degradation of the internal 
ice body. Intermediate-term storage encompasses the storage and release of snowmelt and 
AL thaw-derived runoff on a seasonal timescale (section 4.6). Short-term storage includes di-
urnal drainage of en- and sub[rock]glacial water through the rock glacier (section 4.6). In this 
context, intermediate-term and short-term storage can strongly influence catchment runoff 
characteristics, especially in catchments where rock glaciers are more abundant than glaciers. 
In addition, event storage and releases (i.e. singular storage releases), which have irregular 
occurrences and/or irregular intervals, are also types of rock glacier storage; for example, in-
termittent thermokarst ponds (Giardino et al., 1992; Haeberli et al., 2001; Kääb and Haeberli, 
2001) or rock glacier-dammed lakes formed as a consequence of river channel disruption 
(Hewitt, 2014; Rosenwinkel, 2018; Blöthe et al., 2019). Detailed knowledge of the timescales 
and forms of rock glacier water storage represents critical information for the management 
of such resources but is currently lacking. 
 
Figure 4.3. Schematic diagram showing the different forms of rock glacier storage and their associated timescales. 
Figure adapted from Jansson et al. (2003). 
4.4 ICE PRESERVATION 
Active rock glacier internal structure consists of two basic units: firstly, the AL, which is typically 
a few decimetres to a few metres in thickness and secondly, underlying the AL, a core of ice-
supersaturated debris (i.e. nonglacial) or pure ice (i.e. glacial) (Ballantyne, 2018, p. 243). The 
AL typically comprises coarse blocky clasts ~0.2–5.0 m in length (Humlum, 1997) (Figure 4.4a), 
although boulders exceeding 5 m in length are sometimes present (Figure 4.4b). 




Figure 4.4. Ground-based views of the lowermost part of the Chola Glacier (Khumbu Himal, Nepalese Himalaya, 
May 2017), an ongoing glacier-rock glacier interaction, including: (a) the coarse-blocky openwork debris that is 
characteristic of rock glacier AL surfaces. Field sampling of the visible clasts suggests mean grain size ~1.9 m (b-
axis); (b) the variability of grain size (i.e. >5 m blocks) visible at rock glacier surfaces. The grain size variability reflects 
the diversity of processes (e.g., rockfalls, snow avalanches, etc.) by which debris is transferred to the rock glacier 
surface (Haeberli et al., 2006). Researcher for scale. Photos: Darren B. Jones.  
Complex internal thermal regimes are generated within the coarse-blocky openwork struc-
ture of the AL, such that the AL acts as a thermal filter between the surface energy balance 
and the subjacent frozen rock glacier core (Humlum, 1997; Hanson and Hoelzle, 2004). In-
deed, Gruber and Hoelzle (2008) illustrate that both the temperature beneath the seasonal 
snow cover and mean annual ground temperatures at greater depth can be considerably re-
duced due solely to the low thermal conductivity of the openwork blocky debris according to 
a simple and purely conductive model. Consequently, the thermal regime within coarse-
blocky openwork debris is different to the surrounding environment leading to the develop-
ment of cooler ground temperatures when compared to fine-grained or bedrock surfaces in 
similar settings (Harris and Pedersen, 1998; Juliussen and Humlum, 2008) and MAATs 
(Gorbunov et al., 2004; Millar et al., 2013). This leads to the continued persistence of buried 
ice at elevations where MAAT exceeds 0 °C, i.e. elevations where permafrost persistence 




outside of rock glaciers and similar landforms is highly improbable (e.g., Baroni et al., 2004; 
Popescu et al., 2017), occasionally reaching below the tree line (e.g., Sorg et al., 2015; 
Charbonneau and Smith, 2018) (Figure 4.1a).  
It is probable that a number of non-conductive (i.e. convective and advective heat flow) and 
conductive processes are responsible for the cooling influence of openwork blocky debris in 
relation to rock glaciers, talus slopes and blockfields (Harris and Pedersen, 1998). These pro-
cesses include: (i) the Balch effect; (ii) the chimney effect; (iii) continuous air exchange with 
the atmosphere; (iv) summer-time evaporation or sublimation of water and/or ice; and (v) 
conductive heat loss via boulder protrusion. At different times of the year all of these mecha-
nisms could feasibly be operating, but under different circumstances governed by the dura-
tion, depth and permeability of seasonal snow cover, local topography (i.e. slope length and 
gradient) and openwork blocky debris thickness (Ballantyne, 2018, p. 51). Each is summarised 
below.  
▪ The Balch effect (or Balch ventilation): This is defined as the insulating effect of air-filled 
voids within the openwork blocky debris (Thompson, 1962; Barsch, 1996, p. 238). During 
periods of low wind speeds and no or little snow cover, density-induced cooling occurs as 
comparatively cold air masses penetrate the openwork blocky debris and displace 
warmer air masses. In contrast to this, warmer air masses at the surface are prevented 
from penetrating into the openwork blocky debris by cold air trapped within inter-clast 
voids. Consequently, heat transfer is conductive only, thus warming of the openwork 
blocky debris at depth is sluggish, whereas density-induced non-convective processes 
(e.g., Balch ventilation) take place much more rapidly, particularly at night (e.g., Humlum, 
1997). Importantly, wind pumping produced by high winds, however, may upset the 
above-described pattern and even dynamically displace trapped cold air as comparatively 
warmer and less dense near-surface air masses are driven into the openwork blocky de-
bris by means of forced ventilation (Humlum, 1997). Of note, Ballantyne (2018, p. 50) 
notes that most investigators reject this explanation of negative temperature anomalies 
within openwork blocky debris as it fails to explain seasonal temperature variations at 
depth.  
▪ The chimney effect: First proposed by von Wakonigg (1996), this theory concerns a sea-
sonally switching air circulation mechanism that produces ascending warm air in winter 
and descending cold air in summer. Consequently, a positive and negative thermal 
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anomaly develops in the upper and lower parts of the slope, respectively. Specifically, in 
winter, warmer air masses move upslope through the openwork blocky debris under thick 
seasonal snow cover, exiting through warm funnels in the upper parts of the slope. As a 
result, the concomitant aspiration of cold air into the lower parts of the slope occurs. This 
process is most efficient during particularly cold periods leading to the build-up of a cold 
reservoir in the lower parts of the slope. In summer, this mechanism is reversed, with a 
gravity discharge of cold air through the openwork blocky debris, exiting at the foot of the 
slope (Harris and Pedersen, 1998; Delaloye and Lambiel, 2005). This process is frequently 
perceptible as a persistent breeze towards the base of rock glacier frontal slopes during 
the summer (Delaloye and Lambiel, 2005). Importantly, the chimney effect, therefore, fa-
cilitates the preservation of ice in openwork blocky debris on slopes >1,000 m below the 
regional limit of discontinuous permafrost, where MAAT is > + 5 °C (Delaloye and Lambiel, 
2005). In addition, the results of recent 2-D numerical modelling (cf. Wicky and Huack, 
2017) successfully replicate the above-described mechanism, placing further emphasis on 
its importance for the preservation of frozen ground under future climate warming.  
▪ Continuous air exchange with the atmosphere: Proposed by Harris and Pedersen (1998), 
this theory is a simple extension of the chimney effect in areas where continuous snow 
cover is lacking. In its absence, continuous air exchange with the atmosphere occurs over 
the entirety of the openwork blocky debris; therefore, in response to changes in air tem-
perature, almost instantaneous warming and cooling of the openwork blocky debris to a 
considerable depth occurs. This process is most effective in windy situations on steep 
slopes. 
▪ Summer-time evaporation or sublimation of water and/or ice: Latent heat absorbed from 
block surfaces in these processes may cool the blocks in the upper layers of the openwork 
blocky debris (von Wakonigg, 1996). This process is most effective in regions with rela-
tively dry summer air (Harris and Pedersen, 1998). 
▪ Conductive heat loss via boulder protrusion: Boulders protruding into and through the sea-
sonal snow cover act as “efficient heat bridges”, thermally coupling the openwork blocky 
debris and the surface air in winter and thereby enhancing conduction (Juliussen and 
Humlum, 2008). In block fields (Elgåhogna and Sølen Mountains, central-eastern Norway), 
Juliussen and Humlum (2008) recorded mean annual ground temperatures 1.3–2.0 °C 
lower than nearby till and bedrock. 




In addition to the above-described processes, ice subjacent to the AL can ‘self-preserve’ as it 
increases the heat capacity, thermal conductivity and emissivity of the ground relative to 
unfrozen ground within which the pore spaces are air-filled. It may act as an effective heat 
sink, rapidly absorbing, emitting and distributing heat without undergoing high amounts of 
melt (Kenner et al., 2017b). Critically, therefore, rock glaciers have retarded melt as the ice 
underlying the AL is thermally decoupled from external macro- and meso-climates. Indeed, 
long-term ice preservation is feasible within rock glaciers previously considered morphologi-
cally inactive or relict (section 4.3.1) (e.g., Scapozza et al., 2011; Harrington et al., 2018; Colucci 
et al., 2019), as the lower ice content potentially increases AL porosity [and potentially void-
interconnectedness], which improves internal air circulation (Delaloye and Lambiel, 2005). For 
example, field investigations at the inactive Helen Creek rock glacier (Banff National Park, Al-
berta, Canada) indicate the presence of isolated patches of subsurface ice where the AL is 
most coarse (clasts often >1 m b-axis) (Harrington et al., 2018). As a consequence, the re-
sponse of rock glaciers to present-day and future climate warming may occur at compara-
tively longer timescales than glaciers (Giardino et al., 2011; Kenner and Magnusson, 2017; 
Anderson et al., 2018; Jones et al., 2018a). Indeed, Janke et al. (2013) note that “[u]nlike glac‐
iers that are sensitive to extreme fluctuations on a shorter timescale, a strong climatic signal 
must exist to produce change in a rock glacier system”. On this basis, it is reasonable to con‐
clude that the hydrological role of rock glaciers (i.e. long-term storage) will likely become in-
creasingly important with continued glacier recession (Bolch and Marchenko, 2006; Millar and 
Westfall, 2008), at least until the rock glaciers themselves become relict.  
Of note, however, are emerging observations of increased rock glacier surface velocities po-
tentially in response to recent climate warming at both decadal (Kääb et al., 2007; Kaufmann 
and Ladstädter, 2007; Delaloye et al., 2008; Bodin et al., 2009; Scapozza et al., 2014; Nickus et 
al., 2015; Sorg et al., 2015) and seasonal (Kääb et al., 2003; Perruchoud and Delaloye, 2007; 
Delaloye et al., 2010; Liu et al., 2013; Wirz et al., 2016) timescales. In the European Alps, for 
example, annual terrestrial geodetic surveys conducted at 16 rock glacier lobes suggest that 
relative to the respective previous year, mean surface velocity increase was ~ +52% during the 
reporting period (2010–2014) with most rock glaciers reaching new surface velocity maxima 
in 2014 (PERMOS, 2016). Elsewhere, striking examples of rapid rock glacier movement (i.e. 
several metres annually) (Delaloye et al., 2013; Hartl et al., 2016b; Eriksen et al., 2018) and 
partial rock glacier collapse (Bodin et al., 2017) have been explained, at least in part, by climatic 
factors. Furthermore, the synchronous kinematic behaviour recorded at multiple rock glaciers 
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with considerably different local conditions (e.g., elevation, topographical conditions, lithol-
ogy), has been attributed to external drivers (i.e. climate warming) (Kääb et al., 2007; Delaloye 
et al., 2008, 2010; Kellerer-Pirklbauer and Kaufmann, 2012; Sorg et al., 2015; Kellerer-
Pirklbauer et al., 2018). In explanation, increased rock glacier surface velocities are potentially 
due to modification of the rheological behaviour of warming ice (i.e. increased internal defor-
mation) (Kääb et al., 2007) and/or hydrological effects (i.e. increased water content) within 
the frozen rock glacier core (i.e. higher pore pressure) or at the base (i.e. possibly basal sliding) 
(Ikeda et al., 2008; Roer et al., 2008; Buchli et al., 2013, 2018; Kenner et al., 2017a).  
Rock glaciers with ground temperatures close to 0 °C are reported to have higher thermal 
responsiveness and creep faster in general than colder features (Kääb et al., 2007; Müller et 
al., 2016), and thus are likely to be more vulnerable to future climate warming. Numerical flow 
modelling of the Huhh1 and Murtèl rock glaciers (Swiss Alps, Switzerland) by Müller et al. 
(2016) indicate that an immediate 1 °C increase in rock glacier temperature considerably af-
fects rock glacier horizontal velocity and surface geometry (Figure 4.5) – features with tem-
peratures closest to 0 °C are most impacted. Further, Marcer et al. (2019) modelled the de-
stabilisation susceptibility of rock glaciers (see section 'Reaction Typology' in Schoeneich et al., 
2015), reporting that occurrence of this phenomenon is more likely in elevations near the 0 
°C isotherm, north-facing aspects, steep slopes (25–30°) and flat to slightly convex topogra-
phies. Indeed, they identify significant evidence of destabilisation (e.g., crevasses and scarps) 
at 46 active rock glaciers in the French Alps – 10% of all active rock glaciers in this region. 
Research considering the implications of future climate warming on rock glaciers is therefore 
much required, yet it remains in its infancy (Rangecroft et al., 2016). In one of the few studies 
to date, Rangecroft et al. (2016) modelled future MAAT projections at intact rock glacier sites 
in the Bolivian Andes. Assuming a conservative rock glacier activity threshold of +2 °C (MAAT), 
the authors conclude that >98% of currently intact inventoried landforms will become relict 
by 2080. Similarly, within the Argentinian Andes >50% of currently active rock glaciers will 
terminate below the mean annual 0 °C isotherm by 2050 under RCP2.6 (i.e. best-case climate 
scenario) (Drewes et al., 2018). Under RCP8.5 (i.e. worst-case climate scenario) the majority 
will terminate below the mean annual 0 °C isotherm by 2070, e.g., 92.6% (~4,120 of 4,449 
currently active rock glaciers) in the Central Andes sub-region (ibid.). While no allowances 
were made for a lagged response of rock glaciers to the modelled temperature shifts (see 
Rangecroft et al., 2016; Drewes et al., 2018), considering the above-described emerging 




observations, in a changing climate the hydrological significance of rock glaciers as long-term 
stores is questionable.  
Importantly, however, establishing statistically significant correlations between meteorologi-
cal variables (e.g., MAAT, snow cover [depth, duration, timing], summer temperature, positive 
degree days etc.) and rock glacier response mechanisms can prove challenging (Roer et al., 
2005; Kellerer-Pirklbauer and Kaufmann, 2012; Hartl et al., 2016b; Scotti et al., 2017). As a 
consequence, it is highly likely that rock glacier kinematic behaviour and surface geometry are 
determined by a complex combination of geomorphic (e.g., rock glacier internal structure, 
underlying topography [slope angle, slope convexity]), environmental (e.g., short and long-
term temperature change, snow cover – including depth, duration and timing, rainfall events) 
and paraglacial processes (e.g., landslide and/or rockfall driven debris overload of the rooting 
zone) (Krainer and Mostler, 2006; Bodin et al., 2009, 2017; Delaloye et al., 2013; Schoeneich 
et al., 2015; Hartl et al., 2016b; Wirz et al., 2016; Scotti et al., 2017; Buchli et al., 2018; Eriksen 
et al., 2018). Here, it is important to stress that some rock glaciers yet to exhibit a climatically-
forced response have been reported (Potter et al., 1998; Janke, 2005a). Nevertheless, in the 
context of projected climatic warming, clearly, further research is required to critically quan-
tify and assess rock glacier-climate relations and the associated implications for future water 
resources. To this end, research focused upon the response of rock glaciers to past environ-
mental conditions could provide key information for validating projected responses to future 
climate warming; however, there is currently a paucity of such studies (Sorg et al., 2015).  




Figure 4.5. Modelled evolution of absolute thickness and horizontal velocities along the central flow line of the 
Murtèl [a, b] and Huhh1 rock glaciers [c, d] introducing a 1 °C temperature increase to the entire rock glacier body 
and 40% of the original material input following rock glacier build-up (Murtèl = 6,000 years, Huhh1 = 600 years 
[black lines]). The black lines reflect the pre-perturbation state of the rock glaciers. A reference rock glacier tem-
perature of -1.5 °C was used; thus, the 1 °C temperature increase corresponds to a rate factor [referring to the 
material softness] increase by a factor of 1.7. The lines are plotted in 100 a steps [a, b] and 10 a steps [c, d]. Mod-
ified after Müller et al. (2016). 
4.5 ROCK GLACIER DISTRIBUTION AND STORAGE 
A considerable number of rock glacier inventories have been compiled in various mountain 
ranges (see Jones et al., 2018a). However, as yet no global-scale (complete) inventory has 
been compiled, despite being described as the “most pressing need” in rock glacier research 
(Janke et al., 2013). It should be noted that significant recent research efforts have greatly 
elaborated inventory coverage in the succeeding years, for example in South America 
(Falaschi et al., 2014; Rangecroft et al., 2014; Falaschi et al., 2015; Falaschi et al., 2016; Azócar 
et al., 2017; Barcaza et al., 2017; Esper Angillieri, 2017; García et al., 2017; Janke et al., 2017; 
IANIGLA-CONICET, 2018; Selley et al., 2018), North America (Charbonneau and Smith, 2018; 
Munroe, 2018), Central Europe (Colucci et al., 2016; Kellerer-Pirklbauer et al., 2016; 
Roudnitska et al., 2016; Salvador-Franch et al., 2016; Triglav-Čekada et al., 2016; Winkler et 
al., 2016a; Onaca et al., 2017; Palma et al., 2017; Uxa and Mida, 2017; Fernandes et al., 2018; 




Popescu, 2018), Asia (incorporating Central Asia, South Asia [East], South Asia [West] and 
North Asia) (Bolch and Gorbunov, 2014; Schmid et al., 2015; Lytkin and Galanin, 2016; Galanin, 
2017; Wang et al., 2017; Jones et al., 2018b; Ran and Liu, 2018; Blöthe et al., 2019), Antarctic 
and Subantarctic (Rudolph et al., 2018) and New Zealand (Sattler et al., 2016). Recently, Jones 
et al. (2018a) presented a near-global database containing >73,000 rock glaciers (intact = 
~39,500, relict = ~33,500). The authors provide an approximate estimate of the WVEQ stored 
within these rock glaciers as being 83.7 ± 16.7 Gt, equivalent to ~68–102 trillion litres (Figure 
4.6). Furthermore, excluding the Antarctic and Subantarctic and Greenland Periphery Ran-
dolph Glacier Inventory (RGI; Pfeffer et al., 2014) regions, along with RGI regions within which 
no systematic rock glacier inventories have been undertaken, the estimated ratio of rock glac-
ier-to-glacier WVEQ is 1:456 globally, implying that glaciers store a volume of water 456 times 
larger than rock glaciers currently, a ratio that will change under a warming climate due to the 
differential wasting rates of glaciers vs rock glaciers, as previously discussed. 
 
Figure 4.6. Near-global rock glacier WVEQ (Gt) and ratios of rock glacier-to-glacier WVEQ. Rock glacier WVEQs 
(blue circles) are sized proportionately to the whole. Rock glacier WVEQs reflect 50 ± 10% ice content by volume. 
The data are organised into the first-order RGI regions, which are reflected in the accompanying world map. No 
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systematic rock glacier inventory studies have been undertaken in RGI regions 03 (Arctic Canada North), 04 (Arctic 
Canada South), 09 (Russian Arctic), and 14 (South Asia West). Data are derived from Jones et al. (2018a). 
Importantly, near-global- and RGI-regional-scale ratios (Figure 4.6) suggest that rock glaciers 
form considerable water stores; however, arguably the abovementioned ratios mask the po-
tential hydrological value of rock glaciers at a national and regional level, particularly in semi-
arid and arid zones where glacier presence is limited/absent. For example, rock glacier-to-
glacier WVEQ ratios of 3:1 in parts of the Chilean Andes (29°–32° S) suggests that rock glaciers 
collectively contain more water than glaciers (Azócar and Brenning, 2010). Furthermore, 
Janke et al. (2017) conclude that rock glaciers constitute ~50% of surface water storage in the 
Aconcagua River Basin, further south in Chile. Elsewhere, studies in Bolivia estimate rock glac-
ier-to-glacier WVEQ ratios to be 1:7 (Sajama region) (Rangecroft et al., 2015) and as high as 
1:3 in the West region of Nepal (Jones et al., 2018b). This emphasises the importance of rock 
glaciers as non-negligible water stores. Indeed, the recently adopted National Glacier Law of 
Argentina3 protects glaciers and rock glaciers as strategic water reserves, prohibiting detri-
mental human activities (e.g., mining and oil and gas activities) in their vicinity, recognising the 
potential hydrological value of such features. Nonetheless, although a small number of na-
tional-scale glacier inventories include rock glaciers, such as the Inventario Nacional de Glaci-
ares of Argentina (Zalazar et al., 2017; IANIGLA-CONICET, 2018), they are omitted from global-
scale glacier databases, e.g., the RGI (Pfeffer et al., 2014) or glacier outlines available from 
Global Land Ice Measurements from Space (GLIMS) glacier inventory (www.glims.org) – it is 
conceivable that in their absence, rock glaciers could be considered as hydrologically insignif-
icant by the wider scientific community and decisionmakers. In addition, while rock glacier 
inventory density is high in certain areas (e.g., Central Europe [Jones et al., 2018a]) further 
inventories are required to better understand the hydrological significance of rock glaciers, 
particularly where future climate warming will likely considerably impact freshwater re-
sources in the long-term (e.g., Andes, Hindu Kush, etc.). With this in mind, it is important to 
provide an overview of the techniques to assess both rock glacier distribution (section 4.5.1) 
and subsurface characteristics (section 4.5.2).  
 
3 Law No. 26.639, “Minimum Standards Regime for Preservation of Glaciers and Periglacial Environment”. Availa‐
ble to view online (in Spanish):  
http://servicios.infoleg.gob.ar/infolegInternet/anexos/170000-174999/174117/norma.htm. 




4.5.1 APPROACHES FOR ASSESSING ROCK GLACIER DISTRIBUTION 
Whereas debris-free glaciers can feasibly be mapped/monitored through the application of 
semi-automated and automated remote sensing classification techniques applied to optical 
satellite data (e.g., Bolch et al., 2010; Guo et al., 2015), the continuous debris-layer that char-
acterises rock glaciers confounds such approaches. In explanation, rock glacier – and debris-
covered glacier – surficial debris and debris from the surrounding slopes share a mutual origin; 
thus their spectral similarity “render[s] them mutually indistinguishable” (Shukla et al., 2010) 
using spectral properties alone. Accordingly, combined methodologies have been developed 
to identify debris-covered glaciers (Paul et al., 2016), for example using multispectral [optical 
and thermal] satellite data (e.g., Shukla et al., 2010); however, such approaches are generally 
unsuitable for mapping rock glaciers or heavily debris-covered glaciers (e.g., Brenning, 2009). 
Consequently, rock glacier inventory compilation by means of manual-recognition, -delinea-
tion and -classification (i.e. dynamic behaviour) using representative rock glacier features (sec-
tion 4.3.1; Figure 4.1) (e.g., Scotti et al., 2013; Schmid et al., 2015) arguably remains the opti-
mum approach. As such, rock glacier inventories are inherently subjective (see Scotti et al., 
2013; Schmid et al., 2015; Jones et al., 2018b), influenced as they are by the expertise and 
field knowledge of the mapper. In particular, this is evident in the case of ongoing glacier-rock 
glacier interactions (cf. Monnier and Kinnard, 2015b) (section 4.3.2) where defining the divide 
between rock glaciers and debris-covered glaciers can prove challenging, especially where 
rock glaciers are not well-developed (i.e. lacking their characteristic surface features) (e.g., 
Mölg et al., 2018). These ongoing glacier-rock glacier interactions are commonly not included 
in either glacier, e.g., the RGI (Pfeffer et al., 2014) or GLIMS, or rock glacier inventories in spite 
of their potential future hydrological value and we argue their inclusion is of critical im-
portance.  
Of further influence on rock glacier inventory accuracy are the resolution and quality of both 
the terrain (i.e. digital elevation model [DEM] and maps) and optical (i.e. aerial or satellite 
imagery) data used. The increased availability of spatial data with high repeat frequency in 
recent years has enabled existing rock glacier inventories to be updated, so the global picture 
is becoming more complete (e.g., Kellerer-Pirklbauer et al., 2012; Janke et al., 2017). Addition-
ally, open-source and new types of data have provided enhanced opportunities for rock glac-
ier mapping and monitoring, with: (i) fine spatial resolution optical data (e.g., QuickBird, 
WorldView-1 and 2, IKONOS) accessible freely through Google Earth enabling large-scale rock 
glacier inventories to be compiled (e.g., Rangecroft et al., 2014; Schmid et al., 2015; Jones et 
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al., 2018b); (ii) finer than 1 m resolution LiDAR (light detection and ranging [i.e. airborne laser 
scanning]) data enabling heavily vegetated relict rock glaciers, which can significantly influ-
ence catchment hydrology (Winkler et al., 2016b) (see section 4.6.3), to be mapped (e.g., 
Colucci et al., 2016); and (iii) InSAR (Interferometric Synthetic Aperture Radar) data (e.g., ESA 
Sentinel-1) enabling both rock glacier mapping and accurate classification of activity type 
through the investigation of surficial kinematics, such as feature displacement (Kenyi and 
Kaufmann, 2003; Strozzi et al., 2004; Lambiel et al., 2008; Echelard et al., 2013; Liu et al., 2013; 
Barboux et al., 2014; Wang et al., 2017; Imaizumi et al., 2018; Villarroel et al., 2018).  
We argue that further research addressing the controls on rock glacier distribution and devel-
opment (see Johnson et al., 2007; Forte et al., 2016; Kenner and Magnusson, 2017) could fur-
ther exploit the abovementioned data to identify suitable “habitats” for rock glaciers, thereby 
encouraging more efficient inventory compilation in rock glacier data-deficient regions. Re-
search efforts with respect to this, for instance, using statistical estimation techniques and 
generalised additive modelling with terrain/optical data (e.g., Brenning et al., 2007; Azócar 
and Brenning, 2010; Brenning and Azócar, 2010), have already been undertaken. Further im-
provements within this research area may enable semi-automated or automated identifica-
tion and mapping of rock glaciers over larger spatial scales in the future, although this would 
demand the use of new datasets, e.g., time-series of SAR interferometry data for distinguish-
ing sedimentary areas experiencing ground deformation (rock glaciers) vs static features. Crit-
ically, better knowledge of rock glacier distribution and more accurate classification of activity 
type and temporal dynamics will facilitate an informed assessment of future water supplies 
with respect to rock glaciers. Furthermore, inventories are time-static, and an ongoing con-
cern should be regular monitoring of rock glaciers using up-to-date satellite data, to determine 
rates of change and wastage over large extents. With new satellite systems in orbit, such as 
the Sentinel-1 SAR constellation, we are entering a time where routine regular observations 
can be used to update inventories (e.g., Villarroel et al., 2018), and as Paul et al. (2016) explain 
this could “considerably improve over previous capabilities, thanks to increased spatial reso-
lution and dynamic range, a wider swath width and more frequent coverage”. Rock glacier 
scientists should also explore the capabilities offered by cloud-based image processing on 
Google Earth Engine, which could enhance the efficiency with which such large volumes of 
data can be processed in the future (Gorelick et al., 2017). 




4.5.2 APPROACHES FOR ASSESSING ROCK GLACIER SUBSURFACE CHARACTERISTICS 
4.5.2.1 INTERNAL STRUCTURE 
Information concerning the number, spatial distribution and morphometric characteristics of 
rock glaciers is useful; nevertheless, complementary subsurface data (i.e. internal structure: 
origin, thickness and proportional ice content, hydrological flowpaths) are required to better 
understand the hydrological role of rock glaciers. Knowledge of the subsurface properties of 
rock glaciers is derived predominantly from geophysical techniques such as ground-penetrat-
ing radar (GPR), electrical resistivity tomography (ERT) and seismic refraction tomography (for 
reviews see: Scott et al., 1990; Maurer and Huack, 2007; Kneisel et al., 2008; Hauck, 2013). 
Geophysical investigations suggest that rock glacier internal structure comprises four general 
layers: (i) a debris mantle (i.e. AL) with a thickness in the order of meters; (ii) an ice-rich (i.e. 
high ice content [vol%]) frozen layer a few tens of metres thick; (iii) ice-poor (i.e. low ice con-
tent) or ice-free sediments underlying the ice-rich layer; and (iv) the surface of the bedrock. 
For example, the Ölgrube and Kaiserberg rock glaciers (Ötztal Alps, Austria) each comprise a 
4–6 m thick AL that is underlain by ice-rich permafrost 20–30 m in thickness, then 10–15 m of 
ice-free sediments (Hausmann et al., 2012). The above-described subsurface composition has 
been confirmed through geophysical investigations at a number of other rock glaciers (e.g., 
Isaksen et al., 2000; Fabrot et al., 2005; Hausmann et al., 2007; Bodin et al., 2009). Further-
more, information from boreholes drilled through the well-studied Murtèl-Corvatsch and Mu-
ragl rock glaciers (Haeberli et al., 1998; Arenson et al., 2002) also support the general rock 
glacier internal structure as earlier described (Kääb, 2013). Importantly, rock glacier subsur-
face characteristics (e.g., AL thickness, multiple ice origins [i.e. freezing of sub- and supra-
groundwater, seasonal snow accumulation, avalanching and buried glacial ice], volumetric ice 
content, permafrost table topography, rock debris abundance, etc.) within and between rock 
glaciers can be highly heterogeneous (Haeberli et al., 2006) (Figure 4.7). Two cores drilled on 
the Lazaun rock glacier in the southern Ötztal Alps, Italy, further demonstrate the horizontal 
and vertical heterogeneity of rock glacier subsurface structure and ice content (Krainer et al., 
2015) (Figure 4.8). This spatial heterogeneity is also reported at the Las Liebres rock glacier 
(Chilean Andes, Chile) where ice content markedly varies along a longitudinal GPR profile (22–
83%) (Monnier and Kinnard, 2015a). 




Figure 4.7. Detailed stratigraphy of the Murtèl-Corvatsch rock glacier through three boreholes (BH 2/1987, BH 
1/2000 and BH 2/2000) (Arenson et al., 2002). Photographs A-D from a borehole camera reflect the stratigraphy 
of the rock glacier at 19.0 m, 23.0 m, 26.5 m and 50.0 m depths. These subsurface investigations demonstrate the 
heterogeneity of rock glaciers, with zones of massive and interstitial ice present. Modified after Springman et al. 
(2012). 





Figure 4.8. (a) Map of the Lazaun rock glacier including the locations of core Lazaun I and II; (b) the rock glacier 
internal structure from core Lazaun I and II. The average ice content of core Lazaun I is 43 vol%, varying between 
0 and 98 vol% and core Lazaun II is 22 vol%, varying between < 2–73%. Examples of higher ice content within the 
cores are shown. Note the presence of intra-permafrost taliks (particularly in core Lazuan II), the formation of 
which has been attributed to advective and conductive heating by infiltrating water and circulating air (Luethi et 
al., 2017). Modified after Krainer et al. (2015). 
While significant progress has been made regarding scientific knowledge of the interior char-
acteristics of rock glaciers, such understanding is derived from a relatively small number of 
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features due to the formidable logistical challenges of fieldwork in such environments (e.g., 
government restrictions on sampling and/or equipment use, field location accessibility, pres-
ence of large boulders and megaclasts [i.e. b-axis > 4.1 m] at the surface [Figure 4.4b]) that 
would require considerable expense and time to overcome, particularly drilling (Degenhardt 
Jr and Giardino, 2003; Janke et al., 2013). Indeed, very few rock glaciers have been drilled (see 
Table 3 in Haeberli et al., 2006). Therefore, although non- or minimally invasive geophysical 
techniques can rapidly provide 2-D subsurface data over extended survey areas, in contrast 
to 1-D information provided by drilling (Haeberli et al., 2010), geophysical investigations have 
rarely been validated by direct measurements (Degenhardt Jr and Giardino, 2003; Hauck and 
Kneisel, 2008). As a consequence, where detailed information on the density and composition 
of rock glaciers are unavailable, and geophysical data quality is variable, significant uncertain-
ties in the interpretation of geophysical data can occur due to ambiguities in relating subsur-
face data to material properties within the rock glacier (e.g., differentiating between rock and 
ice) (Hauck et al., 2011; Hauck, 2013).  
In response, innovative, alternative methodologies have been developed; for example, at the 
Äußeres Hochebenkar rock glacier (Ötztal Alps, Austria), feature thickness was calculated us-
ing a simple creep model based on high-resolution surface displacement and slope data de-
rived from multitemporal DEMs. Comparison of model results and GPR data proved helpful in 
fine-tuning the analysis of the latter (Hartl et al., 2016a). Also, where multitemporal high-res-
olution DEMs are available, rock glacier thickness and volume could be estimated with this 
method (Hartl et al., 2016a). As the modelling approach of Hartl et al. (2016a) accounts for 
individual rock glacier-specificities (i.e. rock glacier dynamics and local topography), estimated 
rock glacier thickness and volume will be more accurate than those generated using more 
general approaches, such as empirical power-law relations (section 4.5.2.2).  
Of further note, improved geophysical techniques will provide opportunities to improve un-
derstanding of rock glacier internal structure and ice content. For example, helicopter-
mounted quasi-3-D GPR was recently successfully used to investigate the internal structure of 
Furggwanghorn rock glacier, Swiss Alps (Merz et al., 2015a; Merz et al., 2015b), overcoming 
some of the logistical challenges associated with detailed in situ geophysical surveys. Emmert 
and Kneisel (2017) found that quasi-3-D ERT enables the mapping and monitoring of spatial 
variations within the rock glacier internal structure, with considerable potential to deliver new 
insights into surface and subsurface process-linkages. Additionally, the geophysically based 4-




phase model (see Hauck et al., 2011) combines ERT and refraction seismic tomography meas-
urements to obtain volumetric proportions and characterise the lateral and vertical distribu-
tion of the rock glacier constituents: air, water, ice, and rock. The model has already been 
successfully applied to rock glaciers for this purpose (e.g., Hauck et al., 2011; Schneider et al., 
2013). Furthermore, Mewes et al. (2017) demonstrate the suitability of the 4-phase model for 
detecting interannual and seasonal phase change between liquid water and ice in rock glaci-
ers; therefore, this model is a valuable tool for monitoring degradation of the internal ice body 
(section 4.4). These new techniques will provide a platform to better understand the internal 
structure, dynamics and response of rock glaciers to future warming. In particular, more de-
tailed geophysical investigations may enable volume and WVEQ estimation for glacier-rock 
glacier transitional forms (section 4.3.2), for which simplified geomorphometric approaches 
(section 4.5.2.2) are not suitable due to the internal complexity of such features (Bolch et al., 
2019a).  
4.5.2.2 VOLUME AND WVEQ 
Since detailed subsurface information is available for only a limited number of rock glaciers, 
2-D-area-related statistics have enabled first-order approximations of thickness and volume 
of unmeasured rock glaciers. In particular, empirical thickness-area (H-S) relations have been 
applied to predict rock glacier thicknesses and derive rock glacier volume (e.g., Brenning, 
2005a; Azócar and Brenning, 2010; Bodin et al., 2010; Perucca and Esper Angillieri, 2011; 
Rangecroft et al., 2015; Janke et al., 2017; Jones et al., 2018a, 2018b). Empirical H-S relations 
can be expressed as ℎ̅ = 𝑐 ·  𝑆𝛽, where mean rock glacier thickness ℎ̅ (m) is calculated as a 
function of surface area S (km²) and a scaling parameter c (50) and scaling exponent β (0.2) 
(Brenning, 2005a). Rock glacier volumes were determined by 𝑉 =  ℎ̅  ·  𝑆. Rock glacier WVEQ 
was subsequently estimated through the multiplication of V and estimated ice content (% by 
vol.) and assuming an ice density conversion factor of 900 kg m⁻³ (Paterson, 1994).  
To our knowledge, no study has evaluated empirical power-law relations (i.e. H-S and V-S [vol-
ume-area] scaling relations) for their suitability to approximate rock glacier thickness and vol-
ume. Empirical power-law relations have been evaluated in relation to glaciers (see Frey et al., 
2014; Bahr et al., 2015), upon which they have more commonly been used to predict regional- 
and global-scale glacier thickness and volume (e.g., Chen and Ohmura, 1990; Bahr et al., 1997; 
Radić and Hock, 2010; Grinsted, 2013; Andreassen et al., 2015). Frey et al. (2014) demonstrate 
that considerable uncertainty is associated with the application of power-law relationships for 
ROCK GLACIERS AND WATER SUPPLIES IN THE HIMALAYA 
66 
 
this purpose. It is reasonable to assume that shortcomings experienced when applying these 
approaches to glaciers and rock glaciers are similar. Regarding V-S scaling relations (i.e. 𝑉 =
𝑐 ·  𝑆𝛾 [where γ is β + 1]) for glaciers, the scaling exponent γ is considered a constant (Bahr et 
al., 1997, 2015) whereas the scaling parameter c should be considered as a variable deter-
mined by several parameters that vary between glaciers (e.g., basal topography, sliding pa-
rameters, ice-flow parameters) (Bahr et al., 2015). Further, several researchers have sug-
gested different, region-specific values for both c and γ from the regression of the available 
data (see Grinsted, 2013). Brenning’s (2005a) empirical power-law relation was developed 
from morphometric field measurements at 19 rock glaciers in the Andes of Santiago, Chile 
(Bodin et al., 2010). As such, this approach cannot account for regional specificities of rock 
glaciers around the world (e.g., dominant ice origin, local climatic parameters, local topogra-
phy, etc.) (Jones et al., 2018a) that could reasonably be expected to influence the value of 
scaling parameter c, as described above. To date, a constant scaling parameter c and scaling 
exponent β have thus been used in rock glacier studies applying Brenning’s (2005a) empirical 
power-law relation (e.g., Brenning, 2005a; Azócar and Brenning, 2010; Bodin et al., 2010; 
Perucca and Esper Angillieri, 2011; Rangecroft et al., 2015; Janke et al., 2017; Jones et al., 
2018a, 2018b). Therefore, use of such methods with respect to rock glaciers requires careful 
and critical evaluation. To improve the effectiveness of empirical power-law relations for rock 
glaciers requires that (i) the physics (i.e. dynamics) of rock glaciers are better understood, (ii) 
the sample size used to constrain the scaling parameter c and choose the value for β needs to 
be increased, and (iii) the scaling parameter c is localised.  
Previous studies predicting rock glacier WVEQ have assumed a ‘typical’ volumetric rock glacier 
ice content of 50% (Brenning, 2005b; Azócar and Brenning, 2010; Perucca and Esper Angillieri, 
2011) – WVEQ values for 40–60% vol. (i.e. lower [40%], mean [50%] and upper [60%] esti-
mates) are sometimes provided to account for uncertainty (Brenning, 2005a; Bodin et al., 
2010; Rangecroft et al., 2015; Jones et al., 2018a, 2018b) – consistent with in situ data derived 
from different climatic regions worldwide (e.g., Elconin and LaChapelle, 1997: >50%; Arenson 
et al., 2002: 40–70%; Croce and Milana, 2002: ~55%; Hausmann et al., 2007: 45–60%; 
Hausmann et al., 2012: 40–60%). Importantly, studies that have used Brenning’s (2005a) em-
pirical power-law relation – excluding Janke et al. (2017) – have considered intact rock glaciers 
(i.e. active and inactive rock glaciers treated collectively). Yet, Arenson and Jakob (2010) sug-
gest that the application of the abovementioned statistical model should better differentiate 
between the volumetric ice content of active and inactive rock glaciers. Indeed, a classification 




system for debris-covered glaciers and rock glaciers divides the latter into three subclasses: (i) 
“Class 4: Proper” (i.e. active), ice content = 25–45%; (ii) “Class 5: Transitional” (i.e. inactive), 
ice content = 10–25%; and (iii) “Class 6: Glacier of rock” (i.e. relict), ice content ≤ 10% (Janke 
et al., 2015). As a consequence, large uncertainties will be introduced to rock glacier WVEQ 
predictions by the typically lower volumetric ice content of inactive rock glaciers (Brenning, 
2010). In addition, existing rock glacier WVEQ estimations have not considered volumetric air 
content, reported to be up to 25% in intact rock glaciers (Arenson and Springman, 2005), that 
would further reduce predicted WVEQ (Arenson and Jakob, 2010). Nonetheless, existing rock 
glacier WVEQ estimations provide a much-needed first approximation that should stimulate 
further research and gain the attention of policymakers. 
4.6 ROCK GLACIER WATER DISCHARGE 
4.6.1 CHARACTERISTICS OF ROCK GLACIER DISCHARGE 
To date, only very few studies have investigated the hydrological aspects of rock glacier water 
discharge, in spite of recent research reporting that rock glaciers constitute non-negligible 
long-term water stores (section 4.5). Besides the above-stated formidable logistical chal-
lenges of rock glacier-related fieldwork (section 4.5.2.1), this is because water discharge 
measurements are challenging or virtually impossible to conduct for rock glaciers (i) with mul-
tiple, often inaccessible springs (Krainer et al., 2012), (ii) with no spring(s), i.e. the water drains 
within the debris (Krainer and Mostler, 2002), (iii) that grade into downslope landforms, and 
(iv) that terminate in lakes or ponds (Colombo et al., 2018c). Based on the few available meas-
urements, the discharge from springs of intact rock glaciers is estimated to range from <1 to 
>1,000 L s⁻¹ during the melt season (Table 4.2). 
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Intact rock glacier discharge patterns are characterised by strong seasonal and diurnal varia-
bility, primarily determined by local weather conditions, the thermal conditions within the AL, 
and the physical mechanisms that control meltwater flow through the rock glacier (Krainer 
and Mostler, 2002; Berger et al., 2004; Krainer et al., 2007, 2015). The water released from 
intact rock glaciers is derived from (i) melting of the winter snowpack, (ii) melting of glacier 
ice, (iii) melting of rock glacier ice, (iv) rainfall, particularly during summer thunderstorms with 
heavy rainfall, and (v) groundwater (Krainer and Mostler, 2002). The contribution to intact 
rock glacier discharge of the abovementioned water sources changes considerably during the 
melt season. Typically, discharge rates are highest during the spring/early summer snowmelt 
and gradually decline through summer and autumn to low or zero flow in the winter months. 
In addition, rock glacier discharge fluctuates strongly in response to rainfall events and periods 
of colder weather with snowfall (Johnson, 1981; Blumstengel and Harris, 1988; Krainer and 
Mostler, 2002; Berger et al., 2004; Krainer et al., 2007) (Figure 4.9). Further, intense melting 
of the winter snowpack during periods of warm weather produce marked diurnal runoff cy-
cles, with low discharge at noon and peak discharge towards late evening (Krainer and 
Mostler, 2002). In this respect, generally, rock glacier discharge patterns mimic those of glac-
iers, although at considerably lower magnitude (Krainer and Mostler, 2002; Geiger et al., 
2014). Additionally, various authors suggest that rock glacier discharge fluctuates less than 
glaciers (Potter, 1972; Corte, 1976, 1987; Gardner and Bajewsky, 1987), at least on diurnal 
timescales (Haeberli, 1985; Pourrier et al., 2014); however, few have demonstrated this em-
pirically.  
Isotopic analyses of rock glacier springs, alongside discharge and electrical conductivity sam-
pling (EC) data, support the above-described seasonal evolution of intact rock glacier dis-
charge composition (Krainer and Mostler, 2002; Berger et al., 2004; Williams et al., 2006; 
Krainer et al., 2007). For example, Krainer et al. (2007) report that rock glacier discharge in the 
Stubai and Ötztal Alps, Austria, exhibits: (i) intermediate δ¹⁸O values at the beginning of the 
melt season, reflecting the mixed origin of runoff from re-frozen meltwater from the preced-
ing autumn (high δ¹⁸O) and snowmelt (low δ¹⁸O); (ii) significantly reduced δ¹⁸O and EC values 
following the onset of spring discharge, with runoff predominantly derived from snowmelt; 
and (iii) gradually increasing δ¹⁸O and EC values during the melt season, which reflect the con-
tinued depletion of the winter snowpack and increased icemelt (i.e. melting of the frozen rock 
glacier core) and groundwater contributions. Intermittent sharp peaks in rock glacier dis-
charge, δ¹⁸O values and concomitant depressions of EC suggest that outflows temporarily 
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derive predominantly from summer rainfall events (which have higher δ¹⁸O values and are EC-
depleted) (Krainer et al., 2007) (Figure 4.9).  
 
Figure 4.9. Hydrograph of the meltwater stream at the Reichenkar rock glacier and EC between mid-May and mid-
September 2002. Major snowfall (S) and rainfall (R) events vs Oxygen isotope composition (δ¹⁸Owater) of the rock 
glacier spring and rain precipitation is also depicted for the period from mid-May to mid-October 2002. The snow 
profile was sampled in April 2002. Of note, δ¹⁸O values of the frozen rock glacier core (not depicted) are similar to 
those of the rock glacier spring. Modified after Krainer et al. (2007). 
Of note, previous studies have primarily investigated the temporal evolution of δ¹⁸O in con-
junction with discharge and EC data to ascertain the origins of rock glacier outflows. Yet hith-
erto very few attempts have been made to determine the proportional contribution to rock 
glacier discharge of different sources. Williams et al. (2006) analysed the outflow components 
of the Green Lake 5 rock glacier (Colorado Front Range, USA) through geochemical and stable 
isotopic analyses in combination with end-member mixing analysis: 30% was snowmelt, 32% 
was soil water, and 38% was baseflow – the latter includes icemelt. Notably, studies have not 
successfully isolated the contribution of icemelt to rock glacier discharge (Krainer et al., 2007); 
however, seasonal discharge, δ¹⁸O and EC data, as prior discussed, suggest water released 
from rock glaciers principally derives from snowmelt, glacial meltwater and intermittent rain-
fall events, with negligible or non-measurable contributions derived from icemelt (Croce and 
Milana, 2002; Krainer and Mostler, 2002; Krainer et al., 2007). Minimal icemelt contributions 
are predominantly due to the insulative effects of the AL, which prevents substantial melt 
rates (section 4.4). For instance, Krainer et al. (2015) estimate that melting of the frozen rock 




glacier core contributed ~0.6 L s⁻¹ or ~2.3% of the total annual mean discharge of ~26 L s⁻¹ 
during the melt season at the Lazaun rock glacier. At the Helen Creek rock glacier (Banff Na-
tional Park, Alberta, Canada) – an inactive feature – minimal icemelt contributions (3–5% [July-
August]) support these findings (Harrington et al., 2018). Elsewhere, using radioisotope anal-
ysis, Cecil et al. (1998) compared tritium concentrations in rock glacier outflows (9.2–13.2 TU 
[Tritium Units]) to those in an ice core at the same location (-1.3–0.2 TU). They conclude that 
frozen rock glacier core formation pre-dates the peak of above-ground nuclear weapons test-
ing (1950s/1960s), whereas rock glacier outflows primarily derive from modern precipitation 
(i.e. minor contributions from icemelt).  
Notably, rock glacier-catchment hydrology interactions remain poorly understood, and opin-
ions regarding the hydrological contributions of rock glaciers diverge. Indeed, a number of 
studies have suggested that rock glacier hydrological contributions to downstream runoff are 
significant; however, the majority of these conclusions are based upon non-quantitative data 
(for summary see Duguay et al., 2015). It is important to note that investigations focused upon 
rock glacier hydrology generally consider present as opposed to future rock glacier hydrolog-
ical contributions. Therefore, thus far the hydrological significance of rock glaciers has been 
defined according to a restricted timescale. Critically, while rock glaciers form long-term water 
stores and thus may not constitute a readily available water resource (Duguay et al., 2015; 
Rangecroft et al., 2015), at decadal and longer timescales, under climate warming, degrada-
tion of the frozen rock glacier core may represent an increasing hydrological contribution to 
streamflow (Thies et al., 2013; Geiger et al., 2014).  
4.6.2 CHARACTERISATION OF ROCK GLACIER HYDROLOGICAL FLOWPATHS 
Importantly, as well as rock glacier hydrological contributions, rock glacier-catchment hydrol-
ogy interactions should be considered with respect to discharge timing. In addition to the sea-
sonal availability of different water sources (section 4.6.1), rock glacier discharge timing is de-
termined by spatially- and temporally-variable, convoluted subsurface flowpaths (Burger et 
al., 1999). Based upon the following information, a model of the hydrological flowpaths within 
rock glaciers of periglacial and glacial origin was constructed (Figure 4.10). 




Figure 4.10. A simplified hypothetical model of hydrological flowpaths through an active rock glacier of (a) peri-
glacial origin, and (b) glacial origin. N.B. hydrological flowpath terminology was maintained for [a] and [b] for con-
sistency (i.e. supra-permafrost, intra-permafrost, and sub-permafrost flow), regardless of the dominant ice origin. 
Arrows depict the flowpath direction. 
Conceptual models of rock glacier hydrology suggest that subsurface water movement occurs 
along two flowpath types: supra-permafrost flow and sub-permafrost flow atop and below an 
impermeable frozen rock glacier core, respectively (Giardino et al., 1992). This is consistent 
with the conclusions of Krainer and Mostler (2002) who identified two storage reservoirs, the 
“quickflow reservoir” (herein quickflow) and “baseflow reservoir” (herein baseflow), which 
correspond to supra-permafrost flow and sub-permafrost flow, respectively. Rock glacier 




hydrographs, dye tracer tests and EC values demonstrate that quickflow and baseflow have 
significantly different characteristics of water storage and release (Krainer and Mostler, 2002). 
These characteristics are likely determined by the AL thickness (i.e. depth of the 0 °C iso-
therm), hydraulic connectivity, sedimentological characteristics, and the degree of rock glacier 
activity (i.e. volumetric ice content [% by vol.]) (Tenthorey, 1992; Harris et al., 1994; Krainer 
and Mostler, 2002; Williams et al., 2006; Buchli et al., 2013).  
Dye tracer test results reported in Tenthorey (1992) and Krainer and Mostler (2002) indicate 
flow velocities of 54–327 m h⁻¹, demonstrating that the coarse-blocky openwork structure of 
the AL promotes quickflow. Elsewhere, the rapid temporal evolution of rock glacier discharge 
in conjunction with δ¹⁸O and EC values suggests that waters derived from high-intensity 
weather events (i.e. intense snowmelt or summer rainfall events) are generally transmitted 
through active rock glaciers as quickflow with a lag time of a few hours (Krainer et al., 2007) 
(Figure 4.9). These results also show that quickflow occurs predominantly as channelised flow 
along a network of conduits eroded into the frozen rock glacier core (Krainer and Mostler, 
2002). Occasionally, quickflow is visible and/or audible in the AL of intact rock glaciers 
(Tenthorey, 1992; Krainer and Mostler, 2002; Berger et al., 2004; Rogger et al., 2017).  
Baseflow contributions are likely to form a relatively small proportion of water discharge and 
are characterised by high EC values, indicating that baseflow predominantly derives from slow 
diffuse groundwater flow transiting through unfrozen, fine-grained material at the base of the 
rock glacier (e.g., Krainer and Mostler, 2002). Investigations of the internal structure of active 
rock glaciers confirm the presence of ice-free, fine-grained sediments at the base of rock glac-
iers (section 4.5.2.1), supporting the presence of the baseflow reservoir. Water tracer tests 
indicate that baseflow exhibits highly variable residence times, ranging from several days to 
several months (e.g., Tenthorey, 1992; Harris et al., 1994). Following depletion of the snow 
cover, rock glacier hydrographs and EC data demonstrate that baseflow contributions in-
crease (e.g., Krainer and Mostler, 2002).  
A further subsurface flowpath in rock glaciers with low ice content, intra-flow (i.e. slow inter-
nal flow), was identified through dye-tracing experiments (Tenthorey, 1992, 1994). Intra-flow 
also includes water transiting through active rock glaciers by means of unfrozen drainage net-
works, i.e. intra-permafrost flow (Tenthorey, 1992, 1994; Krainer and Mostler, 2002). Intra-
permafrost flow has been reported at depth in the frontal portions of active rock glaciers (e.g., 
Arenson et al., 2010). In explanation, Ikeda et al. (2008) suggested that networks of air voids 
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and fractures develop within the frozen rock glacier core as a result of fast deformation rates, 
based upon data from the Büz North rock glacier (Swiss Alps), and thus increased intra-per-
mafrost flow throughout the landform. This has significant implications for rock glacier creep 
velocities and stability, including via the reduction of effective stress by infiltrated water 
(Krainer and Mostler, 2006; Perruchoud and Delaloye, 2007; Ikeda et al., 2008); however, 
these implications are not discussed here. Typically, intra-flow is released from the rock glacier 
as baseflow.  
Importantly, geophysical methodologies, such as the 4-phase model (section 4.5.2.1), provide 
opportunities to estimate the liquid water content within the frozen rock glacier core and to 
identify preferential subsurface flowpaths (Mewes et al., 2017, and references therein). Limi-
tations and required improvements within the 4-phase model are detailed in Hauck et al. 
(2011) and Mewes et al. (2017).  
4.6.3 ROCK GLACIER-CATCHMENT HYDROLOGY INTERACTIONS 
Very few systematic studies of catchment-scale geomorphic drivers of streamflow regimes 
(i.e. timing, magnitude and duration of discharge) have conducted comparative assessments 
of the hydrological response between alpine catchments. Physical catchment parameters, in-
cluding slope, elevation range, drainage area, and bedrock geology, have previously been 
used to assess inter- and intra-catchment variations in the hydrological response. Con-
trastingly, the hydrological influence of discrete debris accumulations (DDAs) and/or ice-de-
bris landforms (I-DLs), e.g., talus slopes, protalus ramparts, protalus lobes, and rock glaciers, 
are largely neglected (Weekes et al., 2015). N.B. ground ice exists within I-DLs. Yet, recent 
research demonstrates that DDAs and I-DLs can modulate the hydrologic response (e.g., Clow 
et al., 2003; Geiger et al., 2014; Weekes et al., 2015; Rogger et al., 2017).  
In the La Sal Mountains, Utah, a comparative assessment of a [active] rock glaciated vs non-
rock glaciated catchment indicates that the presence of active rock glaciers had a pronounced 
influence upon catchment hydrology (Geiger et al., 2014). Hydrographs from the rock glaci-
ated (i) and non-rock glaciated catchments (ii) are distinctly different. (i) In this catchment, 
flood peaks are delayed following the onset of precipitation, flood peaks are higher, and the 
proportion of precipitation leaving the catchment as stormflow is high. (ii) Contrastingly, in 
this catchment, flood peaks occur much more quickly and are short in duration, and the pro-
portion of precipitation leaving the catchment as stormflow is significantly lower than in the 
rock glaciated catchment (see Table 2 in Geiger et al., 2014). This indicates that in non-rock 




glaciated catchments, significant losses of precipitation to deep groundwater storage may oc-
cur. Importantly, rock glacier hydrographs have shown that rock glacier stormflow constitutes 
a significant proportion of total catchment runoff (15–30%). It appears that the proportion of 
rock glacier stormflow to catchment stormflow is determined by precipitation intensity rather 
than precipitation volume. For example, 37.6 mm of precipitation (1.21 mm h⁻¹) and 7.2 mm 
of precipitation (2.40 mm h⁻¹) derived from two different storms resulted in a 15% and 30% 
contribution to total catchment runoff, respectively. The above-described observations indi-
cate that active rock glaciers act as impervious surfaces following high-intensity weather 
events, with the net effect of increasing runoff generation within rock glaciated catchments 
(Geiger et al., 2014). In the Krummgampen catchment, western Ötztal Alps, Austria, model 
simulations indicate that complete disappearance of permafrost will reduce flood peaks by 
~17%, supporting the above-described findings (Rogger et al., 2017).  
Notably, the characteristics of rock glacier water storage and release (i.e. storage behaviour) 
differ considerably between active, inactive, and relict features. Indeed, lessening of the de-
gree of activity through degradation of the frozen rock glacier core may potentially increase 
feature porosity, and thus increase the storage capacity. In turn, this will cause changes in the 
rock glacier discharge pattern, and consequently influence runoff generation in alpine catch-
ments (Rogger et al., 2017). In response, several scientific studies have considered rock glac-
ier-catchment hydrology interactions in relation to relict features (e.g., Wagner et al., 2016; 
Winkler et al., 2016b; Rogger et al., 2017). Globally, relict rock glaciers are numerous (section 
4.5), and under future climate warming, intact rock glaciers will transition towards relict activ-
ity status, and thus from quickflow to baseflow dominated landforms. In explanation, the 
coarse-blocky openwork structure of rock glaciers promotes rapid infiltration and transmis-
sion of water inputs to the groundwater system – i.e. relict rock glaciers constitute unconfined 
aquifers (Geiger et al., 2014). For example, research in the Niedere Tauern Range (Eastern 
Alps, Austria) has shown that subsequent to precipitation events, relict rock glaciers rapidly 
(within hours) contribute ~20% precipitation volume to discharge; the remaining ~80% is de-
layed considerably with a mean residence time of ~7 months. This large storage component 
facilitates large baseflow rates long after precipitation events (Winkler et al., 2016b). As a con-
sequence, relict rock glacier water stores can maintain streamflow during summer baseflow 
periods (e.g., Wagner et al., 2016). In addition, a large proportion of the terrain >2,000 m a.s.l. 
drains through rock glaciers (e.g., Seckauer Tauern Range = 51% [Winkler et al., 2016a]); there-
fore, it is reasonable to assume that relict rock glaciers constitute significant water stores at 
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intermediate-term timescales. Notably, to date studies assessing rock glacier WVEQ (section 
4.5.2.2) have not included relict rock glacier water stores; however, including these stores 
would introduce large uncertainties into WVEQ estimations, likely due to the difficulty of esti-
mating such transient stores. Nevertheless, it is clear that this rock glacier type strongly influ-
ences both the water storage capabilities and discharge behaviour of alpine catchments.  
Investigations of rock glacier-catchment hydrology interactions that consider large glacier-
rock glacier composite features are sparse. At the Tapado catchment (Coquimbo region, Chile) 
– an assemblage of cascading cryospheric landforms (debris-free glacier, debris-covered glac-
ier, rock glacier and moraine complexes) – Pourrier et al. (2014) found that the storage capac-
ity and transmissive function of rock glaciers is considerably different to debris-covered glaci-
ers. Pourrier et al. (2014) present a conceptual model that synthesises the hypothesised hy-
drological functioning of this glacier-rock glacier composite feature (Figure 4.11). Analysis of 
the flow dynamics shows rapid and concentrated or slow and diffuse hydrological transfers 
for the debris-covered glacier and rock glacier, respectively. In this study, the debris-covered 
glacier forms a weakly capacitive but highly transmissive medium, whereas the rock glacier 
forms a highly capacitive but weakly transmissive medium. The hydrological data suggest that 
rock glaciers exhibit: (i) a strong buffering effect on the daily-to-monthly variability of trans-
ferring glacier meltwater to downstream areas; and (ii) high storage capacity that partially de-
lays glacier meltwater transfer to downstream areas (Pourrier et al., 2014). Therefore, catch-
ment hydrology will be significantly influenced by glacier-rock glacier interactions, particularly 
where debris-covered glaciers are currently developing into rock glaciers. As a consequence 
of the transition from glacial to paraglacial process regimes, glacier-to-rock glacier transition 
in high mountain systems is increasingly likely (section 4.3.2); therefore, it is important to bet-
ter understand the catchment hydrology implications of glacier-rock glacier interactions.  





Figure 4.11. Schematic transect through the Tapado catchment synthesising the hypothesised hydrological inter-
actions between the catchment components (i.e. debris-free glacier, debris-covered glacier, rock glacier, and flu-
vioglacial sediments). Figure after Pourrier et al. (2014). 
4.7 ROCK GLACIER HYDROCHEMISTRY 
Rock glacier water hydrochemistry is the focus of very few scientific investigations (see Table 
1 in Colombo et al., 2018b). It is known that rock glaciers lose ice volume at slower rates than 
glaciers (section 4.4); therefore, the former potentially affect water hydrochemistry over 
longer timescales (Fegel et al., 2016). Indeed, work has shown that rock glacier thaw modifies 
the inorganic chemistry of both water bodies located downstream (Thies et al., 2007; Baron 
et al., 2009; Ilyashuk et al., 2014; Colombo et al., 2018a; Ilyashuk et al., 2018) and streams 
(Williams et al., 2006; Thies et al., 2013; Nickus et al., 2015; Fegel et al., 2016; Munroe, 2018). 
As a consequence, the water quality characteristics of rock glacier outflows should be a major 
focus of research, given their potential as potable water resources (Burger et al., 1999).  
Previously, rock glacier outflow has been described as clear (i.e. predominantly sediment-
free), containing comparatively lower suspended sediment concentrations (SSC) and higher 
total dissolved solids (TDS) relative to glacier-fed outflow (Gardner and Bajewsky, 1987). In 
addition, total load (i.e. SSC + TDS [excluding bedload transport]) within the latter are at least 
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one order of magnitude greater than that within rock glacier outflow (Gardner and Bajewsky, 
1987). It is important to note that these conclusions are based on a small sample size, with 
just a small number of studies evidencing this. For example, SSC measurements from the Hilda 
rock glacier (Canadian Rocky Mountains, Canada) were generally low, ranging between 1 and 
3 mg L⁻¹ and reaching 20 mg L⁻¹ only in response to precipitation events. As expected, in-
creased rock glacier-derived discharge causes increases in SSC; however, a threshold value of 
~150 L s⁻¹ was reported after which SSC declines (Gardner and Bajewsky, 1987). SSC measure-
ments reported for the Boundary glacier, situated ~1 km north of the Hilda rock glacier, 
ranged between 70 and 4,000 mg L⁻¹ (?̅? = 600–800 mg L⁻¹) during the same precipitation event 
(Gardner and Bajewsky, 1987), illustrating the potential filtering effect of rock glaciers on fine-
grained sediment throughput. SSC measurements from the Reichenkar rock glacier (western 
Stubai Alps, Austria) reflect clear outflow associated with discharges <100 L s⁻¹, but SSC of 
1,000 mg L⁻¹ recorded at peak discharges of >300 L s⁻¹ (Krainer and Mostler, 2002); SSC-dis-
charge relationships are therefore unclear. TDS measurements of rock glacier outflow are 
generally low, although they have been shown to be significantly greater than those of glacier 
and snowmelt derived outflow. For instance, TDS values of 60–75 mg L⁻¹ and 30–40 mg L⁻¹ 
were reported for Hilda rock glacier and Boundary glacier outflow, respectively (Gardner and 
Bajewsky, 1987).  
Rock glaciers characteristically have a higher debris fraction versus glaciers. Consequently, it 
is hypothesised that significant mineral surface area-ice contact promotes chemical weather-
ing and leads to solute-enrichment of water contained within rock glaciers (Ilyashuk et al., 
2014, 2018). This hypothesis is consistent with the results from Giardino et al. (1992) who 
reported that rock glacier outputs in the San Juan Mountains (Colorado, USA) had significantly 
higher TDS than rock glacier inputs. Rock glacier input pH levels (6.4–6.9) and output pH levels 
(7.3–8.4), further illustrate the solute-concentrating effect of rock glaciers (Ilyashuk et al., 
2014). Giardino et al. (1992) recorded similar pH values for rock glacier inputs (6.4–7.0) and 
outputs (7.2–8.5) at three features in the Blanca Massif area of the Sangre de Cristo Mountain 
Range, Colorado, USA. Given that rock glacier thaw resulting from climate change could drive 
the export of enriched-solute fluxes, the analysis of EC, major ions (e.g., Ca²⁺, Mg²⁺, SO4
2-, NO3
‐ ) 
and trace elements (e.g., Ni, Mn, Al, Hg, Pb) in rock glacier outflow has received increasing 
attention (for review see Colombo et al., 2018b).  




In the American West (i.e. the Cascade Mountains, Rocky Mountains, Sierra Nevada), Fegel et 
al. (2016) report that rock glacier outflow samples exhibit higher pH and EC values and are 
also enriched in weathering products (i.e. SiO₂, Ca²⁺, K⁺, Mg²⁺ and Sr²⁺) relative to glaciers. 
Similarly, Crespo et al. (2017) report higher EC values for rock glacier-derived waters (?̅? = 1,201 
µS cm⁻¹) compared to waters from debris-free glaciers (?̅? = 32 µS cm⁻¹), snow-dominated 
streams (?̅? = 159 µS cm⁻¹) and debris-covered glaciers (?̅? = 805 µS cm⁻¹) in the Upper Mendoza 
River basin (Argentinian Andes). In addition, clear differences in the δ¹⁸O signatures of glacier- 
(debris-free and debris-covered) vs rock glacier-derived waters are reported; depleted values 
(i.e. lower amount of heavy isotopes) and enriched values (i.e. higher abundance of heavy 
isotopes) are found in glacier- and rock glacier-derived waters, respectively (ibid.). To date, 
research directly comparing rock glacier- and glacier-derived meltwaters through hydrochem-
ical and stable isotope analysis are few in number; most consider the hydrochemistry of rock 
glacier outflows over various timescales or relative to surface waters uninfluenced by rock 
glaciers (not explicitly of glacial origin). Long-term (1985–2005) increases in EC (by ~19-fold), 
Ca²⁺ (by ~13-fold), SO4
2- (by ~26-fold) and Mg²⁺ (by ~68-fold) have been reported for the Rasass 
See alpine lake located beneath an active rock glacier in the Central Eastern Alps, Italy (Thies 
et al., 2007) (Figure 4.12). Increased enriched-solute fluxes related to rock glacier thaw are 
reflected in the strong seasonal variations found in outflow hydrochemistry. For instance, 
strong seasonal increases in SO4
2- (by ~175-fold), Mg²⁺ (by ~30-fold), Ca²⁺ (by ~20-fold) and Na⁺ 
(by ~4-fold) were recorded for Green Lake 5 rock glacier (Colorado Front Range, Rocky Moun-
tains, USA) outflows in late summer/autumn compared with other surface waters during mid-
summer (Williams et al., 2006). Such findings have been attributed to enhanced rock glacier 
thaw due to climate warming (Thies et al., 2007, 2013). 




Figure 4.12. Long-term EC, sulfate (SO4
2-), Calcium (Ca²⁺) and magnesium (Mg²⁺) concentrations in Rasass See 
(black triangles) and Schwarzsee ob Sölden (open circles) alpine lakes (1985–2005). Values for Rasass See and 
Schwarzsee ob Sölden represent mean values of four to seven discrete samples along the lake vertical profile 
taken during holomixis (i.e. compete mixing of the lake). Variability among single values is <5%. Diagonal lines on 
the y-axis depict scale breaks. Modified after Thies et al. (2007). 
Elevated concentrations of trace elements in high-altitude alpine lakes, also attributed to the 
influence of rock glacier thaw (Thies et al., 2007), have been reported. For instance, natural 
acid rock drainage (ARD) can arise in mineralised catchments with sulfide-bearing lithologies 
following rock glacier thaw, as the exposure of sulfide-rich rocks to air and oxygenated water 
results in increased oxidation of sulfide minerals (Ilyashuk et al., 2014). ARD typically produces 
acid-sulfate waters enriched in metals; for example, high concentrations of Mn, Ni and Al in 
excess of EU maximum permissible levels in drinking water were recorded at Rasass See. Con-
trastingly, negligible concentrations were reported for the adjacent water body without a rock 
glacier in its catchment (Ilyashuk et al., 2014). In mineralised catchments with sulfide-bearing 
lithologies, under future climate warming, it is reasonable to expect enhanced ARD in re-
sponse to increased AL thickness which permits atmospheric oxygen to penetrate to greater 
depths (Colombo et al., 2018b). Additionally, high-altitude mining operations may adversely 
affect rock glacier water quality as mining tailings – a source of ARD (Bellisario et al., 2013) – 
are piled onto rock glacier surfaces (Brenning, 2008; Bellisario et al., 2013). Of note, the 
origin(s) of high concentrations of trace elements in rock glacier ice often remains the subject 
of considerable uncertainty (Colombo et al., 2018b) and requires further study. For instance, 




high heavy metal concentrations (Ni, Zn, Co, Cu, Fe and Mn) were determined in ice-cores 
drilled at Lazaun rock glacier, yet lithological analyses indicate the origin of these heavy metals 
is not the rocks of the catchment area of the rock glacier (Krainer, 2014; Krainer et al., 2015).  
As described above, localised releases of enriched-solute fluxes following rock glacier thaw 
can alter significantly the inorganic chemistry of water surfaces downstream. Further, the in-
creased export of enriched-solute fluxes can be expected under future climate warming. 
Therefore, an improved understanding of the meteorological drivers (i.e. air temperature, 
snowmelt and rainfall) responsible for the export of solute-enriched waters from rock glaciers 
is important for (i) determining causality for the hydrochemical response of water surfaces 
downstream and (ii) anticipating, monitoring and planning for future changes in downstream 
hydrochemistry (Colombo et al., 2018a). Three hypotheses are identified (Colombo et al., 
2018b): (i) warmer air temperatures enhance rock glacier thaw, releasing solute-enriched wa-
ters (e.g., Krainer and Mostler, 2002; Berger et al., 2004; Williams et al., 2006; Krainer et al., 
2007; Thies et al., 2013; Nickus et al., 2015; Colombo et al., 2018a); (ii) long-lasting snow cover 
delays rock glacier thaw thus soluble materials remain sequestered in rock glacier ice, while 
snowmelt also dilutes solute-enriched waters (Williams et al., 2006). Similarly, rainfall perco-
lation through rock glaciers lowers solute concentrations in outflows (e.g., Krainer and 
Mostler, 2002; Berger et al., 2004; Krainer et al., 2007; Nickus et al., 2015); and (iii) rainwater 
percolating through rock glaciers flushes solute-enriched waters, particularly following snow 
cover depletion (e.g., Colombo et al., 2018a), in contrast to the effects described in hypothesis 
(ii). This lack of agreement likely stems from the limited availability of studies focused on me-
teorological variables, hydrologic processes and chemical characteristics of water surfaces 
downstream (Colombo et al., 2018a). Further, existing studies have predominantly been un-
dertaken in the European Alps or North American mountain ranges (Colombo et al., 2018b). 
As such, it is evident that further scientific investigation is required, particularly an extension 
of research evidencing the suitability of water surfaces downstream of rock glaciers for use as 
safe, potable water sources to other regions worldwide.  
4.8 CONCLUSIONS 
In this contribution, we synthesise the available literature and present the first comprehensive 
evaluation of the hydrological role of rock glaciers over a range of spatial and temporal scales, 
considering globally-distributed published studies. Of note, rock glacier-related research has 
advanced considerably post-1970s, yet important gaps remain regarding the scientific 
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knowledge and understanding of rock glacier hydrology. A general lack of consensus concern-
ing the present and future hydrological significance of rock glaciers pervades the literature.  
Importantly, water storage within rock glaciers occurs over a range of timescales; yet, to date 
we identify those investigations focused upon rock glacier hydrological significance generally 
consider present as opposed to potential future rock glacier icemelt contributions – rock glac-
ier hydrological significance has been defined according to a restricted timescale. A near-
global first-order approximation of intact rock glacier WVEQ concludes that intact rock glaciers 
potentially constitute hydrologically valuable long-term stores (see section 4.5). Given that 
rock glaciers are climatically more resilient than glaciers (see section 4.4), we hypothesise that 
the relative importance of rock glacier hydrological contributions will increase as climate 
warming proceeds through the twenty-first century, particularly in semi-arid and arid regions. 
Furthermore, with continued climate-driven deglaciation and thus a transition from glacial- to 
paraglacial-dominated process regimes, glacier-to-rock glacier transition is likely to become 
increasingly common (see section 4.3). This may potentially enhance the resilience of the 
mountain cryosphere to future climate warming.  
Thus far, rock glacier-related research has primarily defined the hydrological significance of 
rock glaciers according to the ice content/WVEQ and/or the proportional contribution to rock 
glacier discharge of icemelt. However, for the first time, we have synthesised published work 
to consider rock glacier “hydrological significance” as encompassing: (i) rock glacier-catch-
ment hydrology interactions (i.e. total discharge volume, variability, and timing); and (ii) rock 
glacier effects upon the physical characteristics (i.e. hydrochemistry, temperature, etc.) of wa-
ter inputs. Regarding (i), hydrographs from [active] rock glaciated and non-rock glaciated 
catchments have been reported to be distinctly different, and relict rock glaciers – regularly 
overlooked in rock glacier hydrology research – can also strongly influence alpine catchment 
hydrology (see section 4.6). In regard to (ii), hydrochemical analysis of rock glacier outflows 
indicates that rock glaciers may adversely affect the inorganic chemistry of water bodies lo-
cated downstream and streams (see section 4.7).  
4.9 ACKNOWLEDGEMENTS 
This work was supported with a research grant by the Natural Environment Research Council 
(Grant No. NE/L002434/1) and the Royal Geographical Society (with IBG) through a Dudley 





 MOUNTAIN ROCK GLACIERS CONTAIN GLOBALLY SIGNIFICANT WATER STORES 
5.1 ABSTRACT 
Glacier- and snowpack-derived meltwaters are threatened by climate change. Features such 
as rock glaciers are climatically more resilient than glaciers and potentially contain hydrologi-
cally valuable ice volumes. However, while the distribution and hydrological significance of 
glaciers are well studied, rock glaciers have received comparatively little attention. Here, we 
present the first near-global RGDB through an analysis of current inventories and this contains 
>73,000 rock glaciers. Using the RGDB, we identify key data-deficient regions as research pri-
orities (e.g., Central Asia). We provide the first approximation of near-global rock glacier 
WVEQ, and this is 83.72 ± 16.74 Gt. Excluding the Antarctic and Subantarctic, Greenland, and 
regions lacking data, we estimate a near-global rock glacier to glacier WVEQ ratio of 1:456. 
Significant rock glacier water stores occur in arid and semi-arid regions (e.g., South Asia East, 
1:57). These results represent a first-order approximation. Uncertainty in the water storage 
estimates includes errors within the RGDB, inherent flaws in the meta-analysis methodology, 
and rock glacier thickness estimation. Here, only errors associated with the assumption of rock 
glacier ice content are quantified, and overall uncertainty is likely larger than that quantified. 
We suggest that rock glacier water stores will become increasingly important under future 
climate warming.
5.2 INTRODUCTION 
In semi-arid and arid high mountain systems glaciers and seasonal snowpack form natural 
buffers to hydrological seasonality, as seasonal meltwater contributions smooth the effects of 
highly variable summer precipitation and associated irregular runoff (Kaser et al., 2010; Viviroli 
et al., 2011; Beniston et al., 2014). Described as the world’s natural “water towers” (Messerli 
et al., 2004), glacier- and snowpack-derived meltwater are critical to ecological, social and 
economic systems in these regions. Additionally, mountain water stores provide buffering ca-
pacity for surrounding lowlands (Pritchard, 2017). Elevation-dependent warming (i.e. an am-
plified rate of warming with altitude) suggests that high-altitude environments will likely ex-
perience comparatively faster warming than lower altitude areas (Mountain Research 
Initiative EDW Working Group, 2015). Furthermore, high-altitude hydrological resources are 
highly sensitive to environmental change (Viviroli and Weingartner, 2004; Beniston et al., 
2014). Indeed, between 2003 to 2009, glacier volume loss globally was estimated to be -259 
± 28 Gt yr⁻¹ (Gardner et al., 2013). With projected atmospheric warming, long-term glacier 
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and seasonal snowpack changes are expected to impact significantly hydrological resources 
stored within high mountain systems (Beniston, 2003). Small and low-lying glaciers are partic-
ularly likely to be sensitive to warming, with many disappearing (Ramírez et al., 2001; Francou 
et al., 2005; Vaughan et al., 2013). In the short-term glacier shrinkage results in increased run-
off. However, following “peak non-renewable water” (Gleick and Palaniappan, 2010), sum-
mer runoff will significantly reduce in semi-arid and arid regions (Baraer et al., 2012; Sorg et 
al., 2014a). Additionally, a warming-induced precipitation shift from snowfall to rainfall 
(Berghuijs et al., 2014) combined with a temporal shift towards earlier snowpack melt 
(Barnett et al., 2005), will further lead to runoff reduction.  
Consequently, effective water resource management in terms of climate change adaptation 
strategies is critical. However, this is hampered by an incomplete understanding of all compo-
nents of the hydrological cycle in high mountain systems. Whilst much has been written on 
the hydrological role of glaciers (Vuille et al., 2008), that of rock glaciers has received compar-
atively little attention (Duguay et al., 2015). Rock glaciers are cryospheric landforms that are 
formed by the gravity-driven creep of accumulations of rock debris supersaturated with ice. 
They are characterised by a seasonally frozen, clastic-blocky surficial layer ~0.5 to 5 m thick 
that thaws each summer (known as the AL) (Bonnaventure and Lamoureux, 2013). Rock glac-
iers are described as active or inactive if they contain ice beneath the AL. These are described 
collectively as intact rock glaciers. Those containing no or minimal ice content are termed rel-
ict rock glaciers (Barsch, 1992). Rock glaciers are thermally decoupled from external micro- 
and meso-climates because of the insulating effect of the AL, which is shown to slow the rate 
of ice melt within rock glaciers (Bonnaventure and Lamoureux, 2013). Consequently, rock 
glaciers respond to climate change at comparatively longer time scales than glaciers (Haeberli 
et al., 2006). Therefore, rock glaciers are more climatically resilient than glaciers and form fro-
zen water stores of potentially significant hydrological value (Rangecroft et al., 2016). Indeed, 
under future climate warming rock glaciers are expected to form a larger component of base 
flow to rivers and streams (Janke et al., 2015). Rock glaciers containing ice generally display 
slow movement rates (mm yr⁻¹ to cm yr⁻¹) because of the gravity-driven creep of the ice-su-
persaturated rock glacier body. This movement creates distinctive morphometric character-
istics that enable feature identification and activity classification (i.e. intact or relict) (Figure 
5.1). 




Figure 5.1. Annotated examples of rock glaciers: (a) the intact Caquella Rock Glacier, Bolivia (21°29’S, 67°55’W). 
Image data: Google Earth (version 7.1.5.1557, Google Inc., California, USA), DigitalGlobe; imagery date: 20 July 
2010; (b) a relict rock glacier complex, Nördliche Kalkalpen (Northern Calcareous Alps), Austria (47°19’N, 11°23’E). 
Image data: Google Earth, DigitalGlobe; imagery date: 17 October 2017. 
Ubiquitously distributed through the world’s high mountain systems (Harrison et al., 2008), 
rock glaciers have been found in greater numbers than glaciers in certain regions, for example, 
the central Andes (Janke et al., 2015). Despite this, rock glaciers are not currently included in 
global-scale glacier databases such as the GLIMS glacier inventory. To date, rock glacier distri-
bution has only been researched at regional scales (e.g., European Alps, PermaNET 
[Cremonese et al., 2011]). Although described as the “most pressing need” in rock glacier re‐
search, as yet no global-scale rock glacier inventory exists (Janke et al., 2013). This prevents 
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the full assessment of rock glacier distribution and their hydrological value as water stores, 
forming the motivation for this study.  
5.3 BRIEF METHODS 
As the primary objective of this study, we present the first near-global-scale RGDB. The RGDB 
is shared as a Microsoft Excel database available in the supplementary information online. We 
argue that data dissemination forms a positive step towards scientific transparency and open-
access research, benefitting both the scientific and local/regional communities. The RGDB was 
developed through a meta-analysis of systematic inventory studies published prior to October 
2017 (see section 12.1.1). In this study, ‘systematic inventory studies’ refer to the strategic 
and complete mapping of rock glacier features within a study area. We identified these using 
ISI Web of Science, Scopus, ProQuest Dissertations and Theses, Google Scholar, and National 
Snow and Ice Data Center (NSIDC) search tools (Supplementary Table 12.1). The meta-analy-
sis resulted in 131 systematic inventory studies. To avoid duplicate data (i.e. overlapping study 
areas), some studies were excluded or partially excluded. Consequently, 76 studies form the 
RGDB.  
Within this study, our secondary objective was to establish the relative hydrological contribu-
tions of glaciers and rock glaciers at a near-global scale. Therefore, it is important to be able 
to compare quantitatively the estimated WVEQ of rock glaciers vs glaciers. With regards to 
rock glaciers, thickness-area (H-S) scaling relations, i.e. ℎ̅ = 𝑐 ·  𝑆𝛽 where mean rock glacier 
thickness (ℎ̅) is calculated as a function of surface area (S) and two scaling parameters (c and 
β), were applied. The scaling parameters applied here were derived from the empirical rule 
established by Brenning (2005a) (see Equation 3). Rock glacier volume was estimated through 
the multiplication of (ℎ̅) and (S). Where complete rock glacier inventories were available, rock 
glacier surface area data were extracted for each individual feature for use in the H-S relation-
ship. A three-step approach to determine rock glacier volume was used where inventory data 
was incomplete or unknown (see section 12.1.1; Supplementary Figure 12.1). By definition, 
rock glaciers do not contain 100% ice (i.e. ice content is spatially heterogeneous), but because 
few geophysical investigations of rock glaciers have been conducted, precisely estimating ice 
content is difficult. Here, we assumed ice content to be 40–60% by volume, enabling calcula-
tion of lower (40%), mean (50%), and upper (60%) estimates, following other studies (Barsch, 
1996; Haeberli et al., 1998; Hausmann et al., 2012). Subsequently, WVEQ was calculated as-
suming an ice density conversion factor of 900 kg m⁻³. With regards to glaciers, the RGI version 
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4.0 (herein RGIv4.0) released December 2014 (Consortium, 2014) “provides a globally com‐
plete set of outlines for all [ice- and debris-covered-] glaciers outside the two ice sheets Green-
land and Antarctica” (Pfeffer et al., 2014). For each glacier of the RGIv4.0, Huss and Hock 
(2015) calculated glacier volume and ice thickness distribution through the application of an 
ice-thickness distributed model (Huss and Farinotti, 2012) (see section 12.1.1). These global-
scale data were used in this study. To better enable regional assessment, the RGDB was di-
vided into RGIv4.0 adapted regions (see section 12.1.1; Supplementary Figure 12.2; Supple-
mentary Table 12.2). The above-described approaches have potentially large associated un-
certainties as described in section 5.4.4. Therefore, the volumetric results presented here rep-
resent a first-order approximation. Nevertheless, we thought it prudent to include these re-
sults, as there exists a need to make significant advances in this research field in the context 
of continued climate change. 
5.4 RESULTS AND DISCUSSION 
5.4.1 RGDB META-ANALYSIS RESULTS 
Searches of the ISI Web of Science, Scopus and ProQuest Dissertations and Theses generated 
799, 1,023, and 357 studies, respectively (Supplementary Table 12.1). Excluding duplicates, 
peer-reviewed studies (i.e. ISI Web of Science and Scopus) published within the previous dec-
ade (2007–2017) totalled 579. In total, 131 systematic rock glacier inventory studies resulted 
from the categorisation of the available collated literature, of which ~72% were published 
post-2000 and ~63% during the last 10 years (2007–2017). This reflects, as in previous studies 
(Stine, 2013), an increased interest in rock glacier research in the last decade. After duplicate 
rock glacier data, i.e. overlapping study areas, were excluded, 76 studies formed the final 
RGDB. Systematic rock glacier inventories forming the RGDB were predominantly generated 
using expert photomorphic mapping from remote sensing image data, with landforms man-
ually identified and digitised based upon geomorphic indicators (see Figure 5.1). Recent tech-
nological advancements in remote sensing science have:  
(i) provided the opportunity for large-scale geomorphological surveys. For instance, fine 
spatial resolution satellite image data are accessible freely through Google Earth, in-
cluding SPOT and DigitalGlobe (e.g., QuickBird, Worldview-1 and 2, and IKONOS). The 
RGDB includes studies that have used the Google Earth platform to compile system-
atic rock glacier inventories (Schmid et al., 2015; Jones et al., 2018b); 
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(ii) provided open-access to <1 m resolution airborne laser scanning (LiDAR) data, ena-
bling relict rock glaciers covered by dense vegetation to be systematically mapped 
(Colucci et al., 2016). This is important as relict landforms strongly influence catch-
ment hydrology (Winkler et al., 2016b); and  
(iii) provided accessible InSAR data (e.g., ESA Sentinel-1). In the context of this study, In-
SAR has enabled systematic rock glacier mapping through the investigation of surficial 
kinematics (i.e. feature movement). Subsequently, activity status classification can be 
defined with greater accuracy (e.g., Liu et al., 2013). 
5.4.2 RGDB COVERAGE 
Our results from the meta-analysis suggest that the number of systematic rock glacier inven-
tory studies is relatively strongly and significantly related to the total number of rock glaciers 
identified (r = 0.71, p-value = <0.01). Study density is highest in Central Europe (n = 27), fol-
lowed by South America (n = 17) and North America (n = 7) (Table 5.1). These RGI regions 
account for ~67% of systematic rock glacier studies within the final RGDB. Therefore, we can 
use the RGDB to identify regions that have been the focus of far less scientific research. Sig-
nificant gaps in the available data are evident. For example, no systematic rock glacier inven-
tory studies have been compiled for Arctic Canada North, Arctic Canada South, Russian Arctic, 
and South Asia West RGI regions. Furthermore, only ~9% of studies contained within the 
RGDB cover the Hindu Kush-Himalayan range (Central Asia = 5, South Asia East = 2, South Asia 
West = 0), home to the largest ice volume outside of the polar regions and a region that the 
authors, amongst others, have found contains thousands of rock glaciers (Hewitt, 2014; 
Schmid et al., 2015; Jones et al., 2018b). The RGDB includes only data derived from the meta-
analysis, with overall coverage determined by available systematic rock glacier inventory stud-
ies. Given the above-mentioned knowledge gaps, the RGDB presented here represents a 
‘near-global’ resource. 
5.4.3 GLACIER- AND ROCK GLACIER-HYDROLOGICAL VALUE 
The RGDB presented here contains 73,045 rock glaciers (intact = 39,320, relict = 33,725) cov-
ering an estimated area of ~8,880 km². From this, we present a first-order approximation of 
volumetric ice content contained within intact rock glaciers. In total, we estimate that intact 
rock glaciers contain a total ice volume of ~93 Gt assuming 50% ice content by volume. There-
fore, intact rock glaciers contain a total WVEQ of between 66.97 and 100.46 Gt, equivalent to 
~68-102 trillion litres (Table 5.1), if a possible range of ice content between 40% and 60% is 
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considered. Regionally, intact rock glaciers located within South America (32.84 ± 6.57 Gt), 
South Asia East (19.48 ± 3.90 Gt), and North America (15.57 ± 3.12 Gt) likely contain the largest 
water stores (Figure 4.6). Conversely, WVEQs found within the Antarctic and Subantarctic, 
Greenland Periphery, New Zealand, and Scandinavia RGI regions are the smallest, with the 
upper estimate (i.e. 60% ice content by volume) containing <0.88 Gt combined. Importantly, 
long-term rock glacier water stores in arid and semi-arid regions are large (e.g., South America 
= 32.84 ± 6.57 Gt). This is particularly significant where glacial meltwater provides an im-
portant portion of potable water, for example in La Paz, Bolivia where future water scarcity 
due to the pressures of climate change, poor infrastructure and increasing population is likely 
(Rangecroft et al., 2013; Soruco et al., 2015).
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The RGIv4.0 contains 197,654 digital glacier outlines covering an area of ~726,792 km² globally 
(Huss and Hock, 2015). Furthermore, Huss and Hock (2015) estimated glaciers to contain 
138,074 Gt of ice, equating to an estimated WVEQ of 124,266 Gt (Table 5.2). As a result, the 
total ratio of rock glacier to glacier WVEQ is estimated to be 1:1,649 (Table 5.2). This implies 
that glaciers contain a store of water 1,649 larger than that of rock glaciers at the near-global 
scale.  
 Excluding those RGI regions where no systematic rock glacier inventory studies have been 
undertaken (i.e. Arctic Canada North, Arctic Canada South, Russian Arctic, and South Asia 
West), the estimated ratio of rock glacier to glacier WVEQ is 1:1,098. For completeness, we 
also excluded the Antarctic and Subantarctic and Greenland Periphery RGI regions, similar to 
other studies (Jacob et al., 2012), along with the aforementioned RGI regions where no sys-
tematic rock glacier inventories have been undertaken. The resulting estimated ratio of rock 
glacier to glacier WVEQ globally is 1:456. The ratio of rock glacier to glacier WVEQ varies 
greatly geographically, between 1:26 (North Asia) and 1:18,395 (Svalbard and Jan Mayen), 
excluding the Antarctic and Subantarctic and Greenland Periphery RGI regions. However, con-
tinental-extent ratios are not reflective of national-level or regional-level ratios. For example, 
rock glacier to glacier WVEQ ratios of 3:1 (semi-arid Chilean Andes [29°–32°]) (Azócar and 
Brenning, 2010) and 1:3 (West region, Nepal) (Jones et al., 2018b) have been reported.  
A number of RGI regions are underrepresented within the RGDB (Table 5.1). Importantly, this 
includes RGI regions within which severe water stress will likely result from future climate 
warming, for example, those RGI regions encompassing the HKH (Central Asia, South Asia 
East, South Asia West). From this, we argue that the RGDB data set likely underestimates the 
potential hydrological value of rock glaciers as future water stores. Furthermore, with contin-
ued climate-driven deglaciation, high mountain systems are in the initial stages of transition-
ing from glacial- to paraglacial-dominated process regimes (Knight and Harrison, 2012). The 
term paraglacial is defined as “…nonglacial earth-surface processes, sediment accumulations, 
landforms, landsystems and landscapes that are directly conditioned by glaciation and degla-
ciation” (Ballantyne, 2002b). Modification of rock slopes (through rock slope failures [RSFs]) 
dominate the rock slope paraglacial system, as high mountain systems respond to deglacial 
unloading or debuttressing following the exposure of glacially steepened rockwalls by glacier 
downwastage and retreat (ibid.). This may subsequently increase glacier surface insulation 
through enhanced debris-supply. Therefore, frozen water store preservation may occur, as 
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glaciers transition to rock glacier forms (Knight and Harrison, 2014a). Sasaki et al. (2016) esti-
mated global supraglacial debris-cover to be ~43,750 km² (~20,830 km² classified as thick) and 
also provided regional estimations. For example, significant debris-cover in Central Asia 
(13,965 km²), South Asia West (5,555 km²), and South Asia East (3,343 km²) suggest that po-
tentially ‘suitable habitats’ for rock glacier development exist within these locations. We sug‐
gest, therefore, that these are priority regions for future systematic rock glacier inventory 
studies. Furthermore, given the global glacier volume loss projections of 25–48% between 
2010–2100 (Huss and Hock, 2015), we further suggest that rock glaciers will play an increas-
ingly important future role in regional water supply.
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5.4.4 STUDY UNCERTAINTY 
It is important to acknowledge possible sources of uncertainty within this study, particularly 
given the necessity to generalise with regards to rock glacier ice volume and the associated 
WVEQ calculations. Possible sources of uncertainty are discussed below. 
(1) Inherited errors within the RGDB: Whereas automated and semi-automated techniques 
have enabled the mapping and monitoring of clean-ice glaciers from optical satellite data 
(Shukla et al., 2010), these approaches are generally unsuitable for mapping debris-cov-
ered glaciers (e.g., Alifu et al., 2015). This is because both supraglacial-debris (upon the 
glacier) and debris at the glacier margins share a common source, and thus spectral sim-
ilarity of features “render them mutually indistinguishable” (Shukla et al., 2010). This lim-
itation is also applicable to rock glaciers (e.g., Brenning, 2009). Therefore, manual rock 
glacier identification and digitisation using geomorphic indicators (Figure 5.1) remains 
the optimal approach for inventory compilation. This approach is used by many studies 
included within the RGDB. However, this methodology is inherently subjective and intro-
duces potential uncertainties (see Scotti et al., 2013; Jones et al., 2018b). Furthermore, 
Whalley et al. (1986) have previously highlighted the problem of mapping ‘hidden’ ice 
with respect to rock glaciers. The RGDB presented here includes only meta-analysis de-
rived data from the available systematic rock glacier inventory studies. As such, any er-
rors present (and where those errors are quantified or unquantified) in the original stud-
ies will be present here.  
(2) The meta-analysis methodology: The RGDB was developed through a meta-analysis of 
systematic rock glacier inventory studies published prior to October 2017, using ISI Web 
of Science, Scopus, ProQuest Dissertations and Theses and NSIDC search tools. There-
fore, the RGDB comprehensiveness is predominantly governed by the availability of 
openly accessible academic information on the topic. As such, studies outside of these 
research-bounds, in particular, those published in non-ISI indexed journals, may have 
been missed. Furthermore, integration of systematic rock glacier inventory data into the 
RGDB was hampered by (i) non-standardised inventory datasets (see Cremonese et al., 
2011); (ii) non-English language writing; (iii) the absence of an accessible open-access da-
tabase (only 43 studies in the full RGDB [~33%] had linked databases); and (iv) incomplete 
inventory data. With regards to (ii), we used Microsoft Translator/PROMT Translator to 
increase the accessibility of non-English manuscripts, and thus increased the 
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completeness of the RGDB. Studies where Microsoft Translator/PROMT Translator was 
used are noted as such within the RGDB files available in the supplementary information. 
Additionally, a possible source of error occurs in situations where systematic rock glacier 
inventory data are either incomplete or unknown ([iii] and [iv]). As previously mentioned, 
in these situations, we chose to implement a three-step approach to determine rock glac-
ier activity status, area, and ice volume (Supplementary Figure 12.1). This three-step ap-
proach has potentially large associated uncertainties as we have, of necessity, to gener-
alise. 
(3) Methodology for determining (a) glacier- and (b) rock glacier-hydrological stores: Regard-
ing (a), within this study, results provided in Huss and Hock (2015) were adopted. For 
each glacier of the RGIv4.0 Huss and Hock (2015) calculated glacier volume and ice-thick-
ness distribution through the application of the model of Huss and Farinotti (2012) 
(herein HF-model), updating the previous results of Huss and Farinotti (2012) that relied 
upon RGIv2.0 data (released June 2012). “[T]he RGI is intended to be a snapshot of the 
world’s glaciers as they were near the beginning of the 21st century (although in fact its 
range of dates is still substantial)” (Consortium, 2017). Indeed, within the RGIv4.0 re-
leased in December 2014 (Consortium, 2014), the average satellite acquisition date (± 1 
standard deviation) of inventoried glacier outlines within each of the 19 first-order re-
gions ranges from 1970 ± 19 (North Asia) to 2009 ± 2 (Alaska) (Huss and Hock, 2015). 
Given that glacier volume loss globally was estimated to be -259 ± 28 Gt yr⁻¹ between 
2003 to 2009 (Gardner et al., 2013), RGI-derived data may overestimate the glacier area. 
With regards to the HF-model, previously uncertainty assessments have been under-
taken, the results of which have been summarised and discussed in detail (Huss and 
Farinotti, 2012; Frey et al., 2014). Lastly regarding (a), results within Huss and Hock (2015) 
were presented as sea-level equivalent (SLE) assuming an ice density of 900 kg m⁻³ and 
an ocean area of 3.625 x 108 km². For the purposes of this study, these results were con-
verted from SLE to ice volume for each RGI first-order region. Converted ice volumes may 
slightly differ compared to the original dataset, as Huss and Hock (2015) reported SLE 
only to 2 decimal places.  
With regards to (b), we acknowledge that the results presented here represent a first-
order approximation. Although “[a] detailed examination of the surface features of a 
rock glacier [as used in many studies included in the RGDB] may also give a general 
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indication of the position, activity, and quantity of hidden ice” (Whalley et al., 1986), gen-
erally, rock glacier thickness and average ice content are unknown variables. Direct 
measurements of internal structure are limited due to the practicalities of field-based 
research (e.g., direct drilling, geophysical investigations) in largely remote locations 
(Janke et al., 2013). Indeed, regarding the paucity of such scientific investigations, it has 
been purported that “[m]embers of the mining community have had more opportunities 
to study rock glaciers internally than have geomorphologists” (Giardino and Vick, 1987). 
Furthermore, unless in situ internal structure data are spatially distributed with good cov-
erage of the entire feature extent, the ice-thickness and ice-debris ratio at any location 
remains an assumption (Whalley and Azizi, 1994). Therefore, here H-S scaling relations, 
i.e. 𝐻 = 𝑐𝐴𝛽 (see section 12.1.1), were applied. Scaling parameters derived from the 
empirical rule established by Brenning (2005a) were used (Equation 3). According to this 
power-law relationship, a rock glacier sized 0.01 km² and 1 km² would contain an ice-
debris layer 20 m and 50 m thick, respectively. This estimation of rock glacier thickness is 
based upon morphometric field measurements (Brenning, 2005a). However, this H-S 
scaling relationship was developed for rock glaciers in Central Chile. As such, this ap-
proach cannot account for regional specificities of rock glaciers around the globe, and 
thus we cannot be certain of the suitability of our approach to rock glaciers globally. As 
an alternative approach, it can be argued that a thickness of >~20 m is necessary for ac-
tive rock glaciers to creep (Barsch, 1996; Whalley and Palmer, 1998). Indeed, some pre-
vious studies have adopted a consistent rock glacier permafrost thickness of 20 m for all 
rock glacier sites (Brenning et al., 2007). However, Burger et al. (1999) (cf. Table 4 in the 
journal paper) and Janke et al. (2013) detail examples where quantitative field measure-
ments indicate rock glacier thicknesses far in excess of ~20 m. As such, the application of 
this alternate approach may significantly underestimate rock glacier thicknesses.  
  Further regarding (b), here we assume estimated ice volume is 40–60% by volume 
(Barsch, 1996; Haeberli and Beniston, 1998; Hausmann et al., 2012), enabling the calcu-
lation of lower (40%), average (50%), and upper (60%) estimates. Ice content within rock 
glaciers is spatially heterogeneous. Therefore, the volumetric ice content varies strongly 
within a rock glacier and between individual rock glaciers. “The average volumetric ice 
content of rock glaciers is widely accepted to vary between approximately 40 per cent 
and 70 per cent... (Barsch, 1996: 40–60%; Burger et al., 1999: 50–70%)” (Brenning, 2010). 
This percentage array is consistent with field data from different climatic regions 
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worldwide (Croce and Milana, 2002; Haeberli et al., 2006; Hausmann et al., 2012). In this 
context, the assumption of an average 50% ice content is reasonable. Within the RGDB, 
many studies assume rock glaciers contain 40–60% ice content by volume; adoption of 
the same percentage array in this study enables inter-study comparative assessment. 
Furthermore, within the RGDB numerous studies classify rock glaciers as intact, i.e. stud-
ies do not provide separate data for active and inactive rock glaciers. Related to this, po-
tential bias may be introduced by the typically lower ice contents of inactive rock glaciers 
(Brenning, 2010). Additionally, information regarding rock glacier genesis, i.e. periglacial 
origin or glacigenic origin, is predominantly absent within the RGDB despite strongly in-
fluencing ice content. Therefore, we acknowledge that due to the nature of the RGDB 
and the methodology, we cannot comprehensively account for regional specificities. Fur-
ther research related to ice-thickness and ice content by volume is certainly needed.  
5.5 CONCLUSIONS 
The significance of these results is fourfold. First, the systematic meta-analysis undertaken 
here has enabled the first near-global RGDB to be developed. This is based on the present 
state-of-knowledge of systematic rock glacier inventory studies. Second, this work focuses on 
RGDB coverage and therefore enables identification of priority regions for systematic rock 
glacier inventory studies, both at the RGI regional- and local- scales. Third, for the first time, 
we present an assessment of WVEQs contained in the world’s observed rock glaciers. These 
indicate that rock glacier water stores are of potentially significant hydrological value (83.72 ± 
16.74 Gt). In particular, our RGI regional approach indicates significant frozen water stores 
contained within rock glaciers in arid and semi-arid high mountain systems facing potential 
future water scarcity (e.g., South America). Fourth, the methodology presented here enable 
an approximate comparative assessment of the ratios of rock glacier to glacier WVEQs at RGI 
regional- and near-global-spatial scales. Finally, we acknowledge and discuss the uncertainty 
associated with the results presented here. These results represent a first-order approxima-
tion; uncertainty in the near-global rock glacier water storage estimates is due to several fac-
tors, e.g., inherited errors within the RGDB, inherent flaws in the meta-analysis methodology, 
and rock glacier thickness estimation, but here only errors associated with the assumption on 
rock glacier ice content are quantified. Therefore, overall uncertainty is likely larger than that 
quantified here. Importantly, a full understanding of all inputs to the high mountain system 
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hydrological cycle is critical for effective water resource management to mitigate or adapt to 
the impacts of climate change – this includes rock glaciers. 
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 THE DISTRIBUTION AND HYDROLOGICAL SIGNIFICANCE OF ROCK GLACIERS IN THE 
NEPALESE HIMALAYA 
6.1 ABSTRACT 
In the Nepalese Himalaya, there is little information on the number, spatial distribution and 
morphometric characteristics of rock glaciers, and this information is required if their hydro-
logical contribution is to be understood. Based on freely available fine spatial resolution satel-
lite data accessible through Google Earth, we produced the first comprehensive Nepalese rock 
glacier inventory, supported through statistical validation and field survey. The inventory in-
cludes the location of over 6,000 rock glaciers, with a mean specific density of 3.4%. This cor-
responds to an areal coverage of 1,371 km². Our approach sampled approximately 20% of the 
total identified rock glacier inventory (n = 1,137) and digitised their outlines so that quantita-
tive and qualitative landform attributes could be extracted. Intact landforms (containing ice) 
accounted for 68% of the sample, and the remaining were classified as relict (not containing 
ice). The majority (56%) were found to have a northerly aspect (NE, N, and NW), and land-
forms situated within north- to west-aspects reside at lower elevations than those with south- 
to east-aspects. In Nepal, we show that rock glaciers are situated between 3,225 to 5,675 m 
a.s.l. (metres above sea level), with the mean MEF estimated to be 4,977 ± 280 m a.s.l. for 
intact landforms and 4,541 ± 346 m a.s.l. for relict landforms. The hydrological significance of 
rock glaciers in Nepal was then established by statistically upscaling the results from the sam-
ple to estimate that these cryospheric reserves store between 16.72 and 25.08 billion cubic 
metres of water. This study, for the first time, estimates rock glacier WVEQs and evaluates 
their relative hydrological importance in comparison to ice glaciers. Across the Nepalese 
Himalaya, rock glacier to ice glacier WVEQ is 1:9 and generally increases westwards (e.g., ratio 
= 1:3, West region). This inventory represents a preliminary step for understanding the spatial 
distribution and the geomorphic conditions necessary for rock glacier formation in the Hima-
laya. With continued climatically-driven ice glacier recession, the relative importance of rock 
glaciers in the Nepalese Himalaya will potentially increase.
6.2 INTRODUCTION 
The HKH region contains ~54,000 glaciers covering an area of ~60,000 km² (Bajracharya and 
Shrestha, 2011), constituting the most extensive glacier coverage outside of the polar regions 
and forming the “Asian water towers” (Immerzeel et al., 2010). HKH-derived glacier and snow-
pack meltwater are important in sustaining seasonal water availability, and the food- and 
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water-security of millions (Viviroli et al., 2007; Immerzeel et al., 2010; Kohler et al., 2014). HKH 
glaciers have generally undergone mass loss between 1980–2010 (Bajracharya et al., 2015), 
with estimated glacial mass change rates of -26 ± 12 Gt yr⁻¹ (2003–2009) (Gardner et al., 2013), 
while substantial further long-term glacial mass losses are projected under climate warming 
(Bolch et al., 2012; Jiménez Cisneros et al., 2014; Huss and Hock, 2015; Shrestha et al., 2015). 
The recession and, in some locations, loss of high-altitude frozen water stores may have sig-
nificant consequences for downstream water supply (Immerzeel et al., 2010; Bolch et al., 
2012), particularly following peak non-renewable water (Gleick and Palaniappan, 2010), with 
long-term decreased summer runoff projected (e.g., Sorg et al., 2014a, 2014b). However, 
more climatically resilient permafrost features, including intact rock glaciers, contain ground 
ice volumes of potentially significant hydrological value (e.g., Rangecroft et al., 2015).  
Rock glaciers are cryospheric landforms formed by the gravity-driven creep of ice-supersatu-
rated accumulations of rock debris, incorporating a perennially frozen mixture of poorly 
sorted angular-rock debris and ground ice (Haeberli et al., 2006). They are characterised by a 
seasonally frozen, clastic blocky surficial layer ~0.5 to 5 m thick that thaws each summer 
(Bonnaventure and Lamoureux, 2013; Pourrier et al., 2014). Critically, compared to clean-ice 
glaciers, the AL has been shown to slow melt of ground ice within rock glaciers (Humlum, 
1997; Bonnaventure and Lamoureux, 2013; Gruber et al., 2016). Rock glaciers thus potentially 
form key hydrological stores in semi-arid and arid mountains, e.g., dry Andes, South America 
(Brenning, 2005b; Azócar and Brenning, 2010; Rangecroft et al., 2014), and are expected to 
form a larger component of base flow to rivers/streams under climate warming (Janke et al., 
2015).  
There have been a great number of inventories compiled for rock glacier distribution in vari-
ous mountain ranges, for instance in central Europe (Chueca, 1992; Imhof, 1996; Guglielmin 
and Smiraglia, 1997; Baroni et al., 2004; Nyenhuis et al., 2005; Roer and Nyenhuis, 2007; 
Cremonese et al., 2011; Krainer and Ribis, 2012; Seppi et al., 2012; Bodin, 2013; Scotti et al., 
2013; Colucci et al., 2016; Salvador-Franch et al., 2016; Triglav-Čekada et al., 2016; Winkler et 
al., 2016a; Onaca et al., 2017), Greenland and Scandinavia (Sollid and Sørbel, 1992; Humlum, 
2000; Lilleøren and Etzelmüller, 2011), Iceland (Etzelmüller et al., 2007), North America (Ellis 
and Calkin, 1979; Janke, 2007; Johnson et al., 2007; Millar and Westfall, 2008; Page, 2009; Liu 
et al., 2013; Charbonneau, 2015; Legg, 2016), South America (Brenning, 2005b; Perucca and 
Esper Angillieri, 2008; Esper Angillieri, 2009; Azócar and Brenning, 2010; Perucca and Esper 
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Angillieri, 2011; Falaschi et al., 2014, 2015, 2016; Rangecroft et al., 2014; Azócar et al., 2017; 
Janke et al., 2017), Asia (Gorbunov et al., 1998; Ishikawa et al., 2001; Bolch and Marchenko, 
2006; Regmi, 2008; Bolch and Gorbunov, 2014; Schmid et al., 2015; Wang et al., 2016) and 
New Zealand (Brazier et al., 1998; Allen et al., 2008; Sattler et al., 2016). However, rock glaciers 
in the HKH are comparatively less well studied, particularly within the Nepalese Himalaya 
where no inventory exists. Additionally, previous studies that have been carried out in the 
HKH were conducted at localised extents or are incomplete (e.g., Gorbunov et al., 1992; Jakob, 
1992; Barsch and Jakob, 1998; Gorbunov et al., 1998; Owen and England, 1998; Shroder et al., 
2000; Ishikawa et al., 2001; Regmi, 2008; Bolch and Gorbunov, 2014; Schmid et al., 2015). 
Thus, the hydrological contribution of these ‘hidden ice’ features to streamflow in the HKH is 
completely unknown. A full understanding of all inputs to the high-altitude hydrological cycle, 
including rock glaciers, is necessary for effective water resource management to mitigate or 
adapt to the impacts of climate change, particularly given that the HKH supplies water to mil-
lions of people.  
In this context, the primary objectives of this study were to map the distribution of rock glac-
iers across the Nepalese Himalaya and assess their hydrological significance, compared to 
glaciers, at regional and national spatial scales. The genesis of rock glaciers remains contested; 
this controversy has been between the permafrost school (purely periglacial-origin) vs the 
continuum school (glacial- and periglacial-origin) and has previously been summarised and 
discussed in detail (see Berthling, 2011). Discussion of this is beyond the scope of this study; 
therefore, here we adopt the inclusive, and non-genetic, terms DDAs and I-DLs to incorporate 
rock glaciers, protalus lobes and protalus ramparts. Ground ice is present within I-DLs 
(Harrison et al., 2008; Jarman et al., 2013).  
6.3 REGIONAL SETTING 
Located within the HKH region, Nepal is situated between 26°22’ to 30°27’ N latitude and 
80°04’ to 88°12’ E longitude extending ~800 km east to west and an average ~140 km north 
to south (Figure 6.1). Nepal encompasses an area of 147,181 km², divided into five principal 
physiographical regions: Terai Plain, Siwalik Hills, Middle mountains, High mountains (inclu-
sive of the Main Himalayas and the Inner Himalayan valleys), and the High Himalaya (see 
Shrestha and Aryal, 2011). In this study, our work was primarily concerned with the High 
Himalaya as this is where the majority of the permafrost region is found. Encompassing the 
area ≥4,000 m a.s.l., this region is characterised by extremely rugged terrain and is home to 
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eight of the ten highest peaks in the world including Mount Everest (8,848 m a.s.l.). Further-
more, ~3,800 glaciers covering ~3,900 km² (~3%) of the total area of Nepal are primarily situ-
ated within this physiographic region (Bajracharya and Shrestha, 2011). The snowline altitude 
is ~5,000 m a.s.l. (Shrestha and Joshi, 2011) with ~14,200 km² (~10%) of the total area of Nepal 
located above this elevation.  
Due to the topographical extremes of the High mountains and High Himalaya, the climate 
type ranges from subtropical in the south to arctic in the north. The Asian summer monsoon 
dominates the climate of Nepal, providing most of the precipitation during June–September 
(Shrestha and Aryal, 2011); dependent on the location, ~80% of annual precipitation may oc-
cur within this period (Shrestha, 2000). Winter and spring precipitation predominantly falls as 
snow, forming snowpack stores that provide critical meltwater during the dry season (Febru-
ary–April). Alongside snowpack melt, glacier-derived meltwater contributions are important 
for maintaining the perennial flow of the major rivers in Nepal and also the Ganges in India 
(Shrestha and Aryal, 2011). Consequently, projected reductions in glacial coverage under cli-
mate change, compounded by poor infrastructure and high population growth (Udmale et al., 
2016), will have regional consequences for water resource availability (Shrestha and Aryal, 
2011). 
6.4 MATERIALS AND METHODS 
6.4.1 COMPILATION OF THE INVENTORY 
Whereas automated and semi-automated techniques have enabled mapping and monitoring 
of clean-ice glaciers from optical satellite image data (e.g., Bolch and Kamp, 2006; Bhambri 
and Bolch, 2009; Shukla et al., 2010), these approaches are generally unsuitable for mapping 
debris-covered glaciers (e.g., Alifu et al., 2015) and rock glaciers (e.g., Brenning, 2009). This is 
because both supraglacial-debris (upon the glacier) and debris along the glacier margins orig-
inate from surrounding valley rock, and thus the spectral similarity of features “render[s] them 
mutually indistinguishable” (Shukla et al., 2010; Shukla and Ali, 2016). Therefore, following the 
methodology used in other inventory studies (e.g., Baroni et al., 2004; Scotti et al., 2013; 
Falaschi et al., 2014; Rangecroft et al., 2014) manual feature identification and digitisation us-
ing geomorphic indicators was the optimal approach for DDA/I-DL inventory compilation. 
6.4.1.1 REMOTE SENSING DATA 
The inventory was generated using expert photomorphic mapping from fine spatial resolution 
satellite image data accessible freely through Google Earth (version 7.1.5.1557, Google Inc., 
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California, USA), including SPOT and DigitalGlobe (e.g., QuickBird, Worldview-1 and 2 and IKO-
NOS) (Schmid et al., 2015). Google Earth has been used previously as a platform for mapping 
in a wide range of research areas (see Yu and Gong, 2012), and is particularly useful for large-
scale geomorphological surveys (e.g., Bishop et al., 2014; Rangecroft et al., 2014; Schmid et 
al., 2015). Additionally, Google Earth Pro incorporates user-friendly geographic information 
system (GIS) tools, enabling the creation of user-defined databases exportable as Keyhole 
Markup Language (KML) formatted files for further spatial analysis in a GIS environment (e.g., 
ArcGIS) or data dissemination (e.g., Cremonese et al., 2011; Liu et al., 2013; Schmid et al., 
2015). In this study, inventory data are shared as an open-source geodatabase (see Supple-
mentary Information), and we argue that data dissemination through KML formatted files for 
use with free platforms such as Google Earth, is a positive step towards scientific transparency, 
and open-access research, with advantages for both the scientific and local/regional commu-
nities.  
Topographic data were derived from a ~30 m resolution DEM created from the NASA Version 
3.0 Shuttle Radar Topography Mission (SRTM) Global 1 arc-second data (herein referred to as 
“SRTM30”) (for further information see USGS, 2015). Freely available SRTM30 data permits 
topographic analysis of DDAs/I-DLs, where finer resolution products (e.g., WorldDEMTM [~12 
m], AW3GTM [~5 m]) are prohibitively expensive (Watson et al., 2015); SRTM DEMs have 
been successfully used in previous inventory studies in mountain regions (e.g., Bolch and 
Gorbunov, 2014; Schmid et al., 2015).  
6.4.1.2 LANDFORM DIGITISATION AND DATABASE COMPOSITION 
DDAs and I-DLs were identified and ‘pinned’ within Google Earth Pro according to the pres‐
ence of geomorphic indicators (Table 6.1). This resulted in an initial point-based inventory for 
Nepal. The pinning methodology relied on using a gridded search methodology to ensure that 
the digitisation was exhaustive. To create the grid, in ArcGIS, the study region was divided 
using a vector overlay of ~25 km² grid squares (Figure 6.1). Subsequently, the gridded overlay 
was imported into Google Earth Pro, and each grid square was visually surveyed on an indi-
vidual basis. The study region was split into five geographic sectors of equal longitudinal-
width, loosely adapted from the Nepalese Administrative Districts: (i) East region (86°34'–
88°12'E); (ii) Central region (84°56'–86°34'E); (iii) Central-west region (83°18'–84°56'E); (iv) 
West region (81°40'–83°18'E); and (v) Far-west region (80°02'–81°40'E) (Figure 6.1).







































































i et al., 2004) 
> Surface ice exposu





g, 1975 as cited in
 
Jan







 (~ >30-35°) (B
aron
i et al., 2004) 
> G
ently slopin
g (~ <30°) (B
















 (i.e. round crested








red (little clast w
eatherin





ishop et al., 2014) 
 
 





Figure 6.1. An overview map of Nepal, including the gridded overlay, overlaid on the SRTM30 DEM. Five geo-
graphic sectors were used in this research: Far-west region, West region, Central-west region, Central region and 
East region. 
From the point-based inventory, a ~20% sample of the identified DDAs/I-DLs from each region 
were randomly selected using ArcGIS (version 10.3.1, ESRI, Redlands, CA, USA) and their geo-
graphic boundaries digitised within Google Earth Pro, forming a polygonised inventory within 
which more detailed spatial attributes were measured. The pseudo-3D viewer in Google Earth 
provided topographic context for landforms, and hence aided delineation of DDA/I-DL bound-
aries. Furthermore, the availability of multi-temporal satellite image data within Google Earth 
was critical for reducing the mapping uncertainty associated with poor quality image data (af-
fected by, for instance, clouds, snow cover, and long cast shadows on steep-north facing 
slopes), enabling the generation of a more complete inventory.  
The methodology of Scotti et al. (2013) was adopted for DDA/I-DL boundary digitisation. The 
outline of the entire landform surface, from the rooting zone to the base of the front slope 
(Barsch, 1996), was digitised for each of the randomly sampled subsets of DDAs/I-DLs. Some 
aspects of digitisation were challenging: delimitation of the upper boundary of DDAs/I-DLs 
through geomorphic mapping, is arbitrary (Krainer and Ribis, 2012); determining the upper 
boundary of I-DLs lacking prominent landforms (e.g., furrow-and-ridge topography) within the 
rooting zone, particularly in the absence of knowledge regarding landform kinematics (i.e. 
movement), is difficult (e.g., Roer and Nyenhuis, 2007); and delineation of individual polygons 
where multiple DDAs/I-DLs coalesce into a single body, is inherently subjective (e.g., Scotti et 
al., 2013; Schmid et al., 2015). Within this study, “when the frontal lobes of two (or more) rock 
glaciers originating from distinct source basins join downslope, we consider the two 
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components as separate bodies. Where the limits between lobes are unclear and the lobes 
share other morphological characteristics (e.g., degree of activity and vegetation cover), we 
classify the whole system as a unique rock glacier” (Scotti et al., 2013). Regarding cases where 
DDAs/I-DLs grade into upslope landforms (e.g., a rock glacier is gradually developing from a 
terminal/lateral moraine), “a clear distinction between the two landforms cannot be set and 
we delineated the whole body (i.e., moraine plus rock glacier)” (Scotti et al., 2013). Both quan-
titative and qualitative landform attributes were extracted and recorded for each digitised 
DDA/I-DL (Table 6.2).
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Within ArcGIS, a regional projected coordinate system, Nepal Nagarkot TM, was used for at-
tribute extraction and DDA/I-DL polygons were reprojected into the WGS84 coordinate sys-
tem for exportation to KML formatted files. The quantitative data (i.e. area, length, width) 
were directly calculated in ArcGIS. Lengths (parallel to the flow) were manually digitised within 
Google Earth Pro for each landform. Based on the methodology described by Frauenfelder et 
al. (2003), within ArcGIS widths (perpendicular to length) were digitised at ~50 m intervals, 
and mean width calculated in order to incorporate considerable width variation along the 
DDA/I-DL (Figure 6.2). Additionally, landforms were classified into tongue-shaped or lobate-
shaped, where the length: width ratio is >1 or <1 respectfully (Guglielmin and Smiraglia, 1998; 
Harrison et al., 2008). 
 
Figure 6.2. Annotated diagram of landform attributes on DDA/I-DL (Feature ID: [4]NEP1257_1_11052011), Nepal 
(29°06’20.36” N, 83°06’57.39” E). Image data: Google Earth, DigitalGlobe; imagery date: 05 November 2011. 
Using ArcGIS surface raster functions, elevation, slope and aspect were calculated for the 
SRTM30 DEM. ArcGIS zonal statistics were used to overlay the polygonised DDAs/I-DLs onto 
SRTM30-derived raster surfaces to calculate minimum, maximum, range and mean elevation 
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and slope for each landform. The MEF for each DDA/I-DL was defined as the elevation at 
which the base of the front slope meets the slope downstream; the MaxE as the upper bound-
ary (Scotti et al., 2013). As a circular parameter, mean aspect cannot be calculated using sim-
ple zonal statistics (i.e. the mean of 0° and 359° cannot be 180° [Davis, 1986 as cited in Janke, 
2013]). The vector mean aspect (θ) was calculated in R (version 3.1.2, R Core Team, Vienna, 
Austria) using Equation 1: 




where S is the sum of sine values of aspect (θ) (based on individual pixels of the surface ras-
ters), and C is the sum of cosine values of aspect (Paul et al., 2009; Janke, 2013). The mean 
aspect was then recoded into 8 classes (N, NE, E, SE, S, SW, W, NW). 
The degree of activity was determined considering the presumed ice content and movement 
of DDAs/I-DLs, in accordance with the morphological classification by Barsch (1996), using 
morphological and geomorphological criteria from satellite image data interpretation. In our 
inventory, DDAs were categorised as relict (not containing ice, sometimes referred to as fossil) 
and I-DLs as intact (containing ice) (Table 6.1) (e.g., Cremonese et al., 2011; Scotti et al., 2013; 
Rangecroft et al., 2014; Onaca et al., 2017). The “intact” classification includes both active and 
inactive landforms.  
Active landforms (I-DLs) are generally characterised by: distinctive surface micro-relief of fur-
row-and-ridge topography, predominantly the result of longitudinal compression (see 
Springman et al., 2012), gravity-driven viscous buckle folding (see Frehner et al., 2015) and/or 
the debris grain-size; steep lateral slopes; and steep frontal slopes near the angle of repose 
(Haeberli et al., 2006), all of which indicate ice presence (Barsch, 1996; Baroni et al., 2004). 
Inactive I-DLs also contain ice but are immobile. Barsch (1996) suggests two possibilities that 
may account for this inactivity: (i) melting of the upper layers within the frontal slope, such 
that “the unfrozen mantle at the top of the front slope is more than 10 m thick” (Barsch, 1973 
as cited in Barsch, 1996). This type of I-DL inactivity is called climatic inactive; or (ii) I-DLs “ex‐
tend so far from their source area that the tangential stress due to the slope, the thickness of 
the deposit [e.g., insufficient talus-nourishment rates to feature rooting zones (e.g., Kellerer-
Pirklbauer and Rieckh, 2016)], its bulk density etc. decrease below the limit required for move-
ment” (Barsch, 1996). This type of I-DL inactivity is called dynamic inactive. Relict landforms 
(DDAs), “formerly active landforms in which ice is vanished” (Scotti et al., 2013), are 
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characterised by surface collapse features (Barsch and King 1975 in Janke et al. 2013); sub-
dued surface micro-relief; less steep front- and lateral-slope(s) (Barsch, 1996; Baroni et al., 
2004), resulting from permafrost degradation; and often extensive vegetation cover (Scotti et 
al., 2013). 
Finally, in order to account for subjectivity associated with the identification, digitisation and 
classification of landforms in the inventory, we detailed the degree of ‘uncertainty’ through 
the application of a Certainty Index score, adapted from Schmid et al. (2015), for each digitised 
DDA/I-DL (Table 6.3). Uncertainties in the definition of: (i) external boundaries (i.e. outline); 
(ii) snow coverage; (iii) longitudinal flow structure; (iv) transverse flow structure; and (v) 
frontal slope were all recorded. Critically, this approach enables more complete mapping of 
DDAs/I-DLs despite occasionally poor satellite image data quality; for example, Schmid et al. 
(2015) sampled 4,000 * ~30 km² grids in the HKH region, of which ~410 samples (~12,300 km²) 
were classified as insufficient quality (IQ), where IQ was defined as “poor image quality, ex‐
cessive snow or cloud coverage over any part of the sample” and disregarded. Within this 
study, partially IQ grids are not disregarded; thus, previously unidentified DDAs/I-DLs are 
mapped within this inventory. 
Table 6.3. Certainty index applied to each DDA/I-DL. 
Parameter 
Parameter Options (Index Code) 
1 Point 2 Points 3 Points 
External Boundary None (ON) Vague (OV) Clear (OC) 
Snow Coverage Snow (SS) Partial (SP) None (SN) 
Longitudinal Flow Structure None (LN) Vague (LV) Clear (LC) 
Transverse Flow Structure None (TN) Vague (TV) Clear (TC) 
Front Slope Unclear (FU) Gentle (FG) Steep (FS) 
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6.4.2 ESTIMATING HYDROLOGICAL STORES 
6.4.2.1 ICE-DEBRIS LANDFORMS 
Estimations of I-DL water content (WVEQ [km³]) were calculated based on presumed ice vol-
umes stored within intact I-DLs (Brenning, 2005b; Azócar and Brenning, 2010; Rangecroft et 
al., 2015). I-DL ice volume content was estimated through multiplying estimated I-DL thickness 
and I-DL surface area and then by estimated ice content. Within this study, I-DL thickness and 
average ice content are unknown variables; direct measurements of I-DL internal structure 
within the HKH are limited, due to practicalities of field-based research (e.g., boreholes, 
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geophysical investigations) in largely remote locations (Janke et al., 2013). Therefore, I-DL 
thickness was estimated through applying an empirical rule established by Brenning (2005a) 
(Equation 3), as applied in existing studies (e.g., Azócar and Brenning, 2010; Perucca and Esper 
Angillieri, 2011; Rangecroft et al., 2015; Janke et al., 2017); however, further research is 
needed to improve H-S relationships (Rangecroft et al., 2015). 
By definition, I-DLs are ice-supersaturated accumulations of rock debris; thus, they do not con-
tain 100% ice. Ice content within I-DLs is spatially heterogeneous; therefore, estimating WVEQ 
is challenging, due to difficulty in establishing I-DL genesis and subsequent ice depth and dis-
tribution (Seligman, 2009). Few geophysical investigations of I-DLs have been conducted 
within the HKH; those that have, focus on quantifying ice presence, opposed to ice content by 
volume (e.g., Jakob, 1992; Ishikawa et al., 2001). Therefore, here estimated ice volume is 40–
60% by volume (Barsch, 1996; Haeberli et al., 1998; Hausmann et al., 2012), enabling lower 
(40%), average (50%), and upper (60%) estimates to be calculated. Finally, WVEQ was calcu-
lated assuming an ice density conversion factor of 0.9 g cm⁻³ (≡900 kg m⁻³) (Paterson, 1994). 
6.4.2.2 ICE GLACIERS 
Within this study, we set out to establish the relative contributions of rock glaciers and ice 
glaciers in the Nepalese Himalaya. Therefore, it was important to be able to compare quanti-
tatively the estimated WVEQs of rock glaciers vs ice glaciers. V-S scaling relations (e.g., Chen 
and Ohmura, 1990; Bahr et al., 1997), i.e. 𝑉 = 𝑐𝐴𝛾  where glacier volume (V) is calculated as 
a function of surface area (A) and two scaling parameters (c and γ), are frequently used ap-
proaches for ice volume estimations (Frey et al., 2014). Indeed, V-S relations have previously 
been used within rock glacier – ice glacier comparative studies (e.g., Azócar and Brenning, 
2010; Perucca and Esper Angillieri, 2011; Rangecroft et al., 2015). However, V-S relations, and 
H-S scaling relations (see Frey et al., 2014), are designed to estimate the ice volumes of large-
sample ensembles (>20,000 minimum sample-limit [Cogley, 2011]); while suitable for global 
volumetric and/or thickness estimations (e.g., Huss and Farinotti, 2012; Marzeion et al., 2012; 
Grinsted, 2013), they are less so for smaller-samples or individual glaciers (Frey et al., 2014).  
In the Himalayan-Karakoram region, Frey et al. (2014) report that V-S relations systematically 
overestimate ice volumes. Estimated ice volumes derived from the Glacier bed Topography 
ice-thickness distribution model (herein GlabTop2) (Frey et al., 2014), a new version of the 
GlabTop model (Linsbauer et al., 2009), are lower than results from V-S relations. Further-
more, direct comparison between GlabTop2 ice-thicknesses and local ice-thickness 
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measurements derived from GPR show good agreement; validation could not be undertaken 
for results from V-S relations (Frey et al., 2014). Therefore, here, we use ice-thickness results 
for Nepal derived from GlabTop2 (ibid.). The glacier outlines mapped by the International Cen-
tre for Integrated Mountain Development (Bajracharya and Shrestha, 2011) and the void-
filled SRTM 3 arc-second data (~90 m resolution) were used for these calculations. Ice volumes 
were generated from the results following Equation 2: 
Equation 2. 𝑉 = 𝐴 ∗ ∑ 𝐻  
where V represents ice volume, A the glacier surface area, and H the ice-thicknesses derived 
from GlabTop2. Subsequently, we calculated the WVEQ of ice glaciers, assuming 100% ice 
content by volume and applying the aforementioned ice density conversion factor.  
6.4.2.3 SPATIAL AND STATISTICAL INVENTORY ANALYSIS 
Here, statistical analysis was performed in the statistical software R (bivariate statistics: one-
way analysis of variance [ANOVA] and post hoc tests). One-way ANOVA and Tukey post hoc 
testing were used to investigate relationships and differences between independent qualita-
tive variables (region, activity status, slope aspect class) and quantitative dependent variables 
(MEF, landform area, landform length) with the statistical significance evaluated at the p = 
<0.05 level. To satisfy the assumptions of ANOVA tests, i.e. normally distributed population, a 
logarithmic transformation was applied to landform area and length. ArcGIS and R were used 
to assess the relationship between landform slope aspect and hillslope aspect frequency for 
Nepalese mountain slopes.  
6.5 RESULTS 
6.5.1 INVENTORY ANALYSIS 
In total, 6,239 DDAs/I-DLs were pinned across the Nepalese Himalaya. The upscaled estimates 
indicated that 4,226 and 2,013 landforms were classified as intact and relict, respectively (Ta-
ble 6.4; Supplementary Figure 12.3). Estimated total upscaled DDA/I-DL area is 1,371 km², 
representing ~31% of the area covered by clean-ice glaciers in the same region (4,426 km²). 
Overall, 1,137 landforms were digitised (Figure 6.3; Table 6.4), and this detailed sample cov-
ered a total surface area of 249.83 km². Most of these landforms, 772 (68%), were classified 
as intact, covering 196.52 km², while the remaining 365 (32%) covered 53.31 km², and were 
classified as relict. Ninety-one per cent of DDAs/I-DLs were classified as tongue-shaped. Ninety 
per cent of DDAs/I-DLs were situated between ~4,200 and ~5,400 m a.s.l., with the calculated 
mean MEF of I-DLs (4,977 ± 280 m a.s.l.) at a higher altitude than that of DDAs (4,541 ± 346 m 
CHAPTER 6: THE DISTRIBUTION AND HYDROLOGICAL SIGNIFICANCE OF ROCK GLACIERS IN THE NEPALESE HIMALAYA 
113 
 
a.s.l.) (Table 6.4). DDA/I-DL characteristics were analysed regionally and Nepal-wide. The 
open-source geodatabase within the supplementary information online provides detailed in-
formation for the sampled DDAs/I-DLs. Additionally, the Nepal inventory KML file of both the 
pinned landforms and the detailed sample are shared within the supplementary data.





































































































































































































































Figure 6.3. Distribution of DDAs and I-DLs overlaid on the SRTM30 DEM for the: (a) entirety of Nepal; (b) Far-west 
region; (c) West region; (d) Central-west region; (e) Central region; and (f) East region. Landforms with unclassified 
activity status (i.e. pinned rock glaciers that were not digitised) are depicted for completeness. 
6.5.1.1 LANDFORM ELEVATION AND DISTRIBUTION 
DDAs and I-DLs were situated within an elevation range of 3,225 to 5,675 m a.s.l. (Figure 6.4). 
Nationally, the mean MEF for DDAs/I-DLs was 4,837 ± 365 m a.s.l. Although the remotely-
based classification of DDAs/I-DLs has associated limitations, the histogram and boxplots of 
MEFs across the regions provide an indirect qualitative validation of inventory reliability. Spe-
cifically, reported mean MEFs demonstrate that I-DLs consistently occurred at higher eleva-
tions than DDAs (Figure 6.4; Figure 6.5). 




Figure 6.4. Boxplot showing the distribution of DDA/I-DL MEFs Nepal-wide (Total) and regionally from west to 
east. Here, the whiskers extend to either the minimum and maximum of the data or 1.5 times the interquartile 
range, whichever is smaller. The circles represent outliers. 
The majority of I-DLs identified are located above 4,600 m a.s.l. (92%), with most situated 
within the 4,800–5,200 m a.s.l. (51%) elevation belt (Figure 6.5). DDAs cluster predominantly 
between 4,200 and 4,800 m a.s.l. (62%), and 4,400–4,800 m a.s.l. (43%) in particular (Figure 
6.5). Nationally, the mean MEF for all I-DLs was 4,977 ± 280 m a.s.l. (Table 6.4), ranging be-
tween 4,110 and 5,675 m a.s.l. The highest I-DL was located in the Central-west region at 5,675 
m a.s.l. ([3]NEP1186_1_10-25-2011). The mean MEF for all DDAs Nepal-wide was 436 m lower 
than that of I-DLs, at 4,541 ± 346 m a.s.l. (Table 6.4), with a range of 3,225 to 5,482 m a.s.l. 
The highest DDA was situated in the West region at 5,482 m a.s.l. ([4]NEP637_1_10-14-2010). 
I-DLs are located at statistically higher MEFs than DDAs at the national scale (ANOVA: F-value 
= 513.43, df within groups = 1, between groups = 1,135, p = <0.001); Tukey post hoc testing 
showed I-DLs were situated at statistically higher MEFs than DDAs in all sub-regions, with the 
greatest difference seen in the Central-west region (Diff = 732, p = <0.001) and smallest in the 
Central region (Diff = 310, p = <0.001). Figure 6.4 shows that the largest MEF elevation spread 
of I-DLs occurs within the West region (4,110 to 5,628 m a.s.l., range = 1,518 m), while that of 
DDAs occurs within the Far-west region (3,225 to 5,090 m a.s.l., range = 1,865 m). The Central 
region had the smallest elevation range of both I-DLs (4,553 to 5,137 m a.s.l., range = 584 m) 
and DDAs (3,968 to 5,118 m a.s.l., range = 1,150 m).  




Figure 6.5. Nepal-wide frequency analysis of intact and relict landform MEF, grouped into classes of 200 m of 
elevation. The fitted lines represent a normal (Gaussian) distribution. 
The spatial distribution of DDAs/I-DLs among the five sub-regions is also somewhat inhomo-
geneous; total landform numbers vary from 354 (~6%) in the Central region to 3,025 (~48%) 
in the West region (Table 6.4). Available suitable area, i.e. terrain ≥3,225 m a.s.l., appears to 
be key to DDA/I-DL development and sustainability in the Nepalese Himalaya. Mountainous 
terrain ≥3,225 m a.s.l. comprises ~43,500 km² (~27%) of Nepal; those regions with the largest 
proportional area ≥3,225 m a.s.l., correspondingly have the largest proportion of DDAs/I-DLs 
(Table 6.5). The overall mean density (n km¯²) of DDAs/I-DLs ranges between 0.09 (Central 
region) and 0.19 (West region), with an I-DL mean density of 0.10 and DDA mean density of 
0.05 (Table 6.5). Considering the specific landform area ≥3,225 m a.s.l., values are greatest in 
the West region (4.69 ha km¯²) followed by the Far-west region (3.69 ha km¯²) and tend to 
decrease eastwards, with specific landform areas below the mean value (3.40 ha km¯²) in all 
remaining regions (Table 6.5).
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6.5.1.2 LANDFORM ASPECT 
Generally, north-facing slopes dominate the development and formation of DDAs/I-DLs. 
Forty-four per cent of landforms are situated within north-facing aspects (NW, 15%; NE, 15%; 
N, 14%), while 17% have developed on west-facing slopes. Furthermore, taken as a whole, 
the mean aspect suggests DDAs/I-DLs are predominantly situated on north-western (?̅? =
 314°) slopes.  
Activity classification of observed landforms shows that I-DLs are more evenly distributed 
across aspect classes, while DDAs are predominantly situated on north- (56%: NW, 21%; N, 
19%; NE, 16%) and west-facing (17%) slopes, with 5 to 9% located in each of the remaining 
aspect classes (Figure 6.6a). I-DLs within the inventory show a mean aspect of 288°, with a 
circular variance of 0.13. Circular variance, defined as 𝐶𝑉 = 1 − ?̅? where the quantity ?̅? is 
the mean resultant length, indicates the dispersion of individual values around the mean, 
ranging between 0 and 1; values close to 1 suggest low dispersion (Davis, 2002, p. 321). DDAs 
show a mean aspect of 333°, with a circular variance of 0.34, therefore exhibit comparatively 
less dispersion than I-DLs. Regionally, with the exception of the Central-west region, a greater 
proportion (%) of I-DLs are situated within the northern- compared to the southern-quadrant 
(Table 6.6; Figure 6.6b-f). DDAs within all regions are predominantly situated within the north-
ern quadrant (48 to 69%) compared to the southern quadrant (13 to 29%) (Table 6.6; Figure 
6.6b-f). 




Figure 6.6. Rose plots showing the relative abundance (%) of intact and relict landforms across slope aspects 
within: (a) Nepal-wide (Total); (b) Far-west region; (c) West region; (d) Central-west region; (e) Central region; and 
(f) East region. The angular interval is 22.5°. 
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Taken as a whole, landforms situated within the northern aspect quadrant occur at consist-
ently lower elevations compared to DDAs/I-DLs located within the southern aspect quadrant 
(Figure 6.7; Figure 6.8; Figure 6.9a). This altitudinal mismatch ranges between 25 m (Far-west 
region) to 307 m (West region) (?̅? = 240 m), and is reflected within both I-DLs and DDAs at ?̅? 
= 166 m and ?̅? = 152 m, respectively. Regionally, with the exception of the Far-west region 
where both I-DLs (?̅?  = 5 m) and DDAs (?̅?  = 81 m) situated within the southern quadrant occur 
at lower elevations, all regions reflect this observation. 
 
Figure 6.7. Scatterplot of mean aspect (°) against MEF showing the distribution of intact and relict landforms Ne-
pal-wide. The two dashed lines are 3rd order polynomial fit (upper line: intact landforms; lower line: relict land-
forms). 
Nationally, ANOVA showed statistically significant differences between aspect class and 
DDA/I-DL MEF (F-value = 17.94, df within groups = 7, between groups = 1,129, p = <0.001). 
Tukey post hoc testing confirms that DDAs/I-DLs situated within the northern aspect quadrant 
and western slope aspects occur at statistically lower MEFs than those found within the south-
ern aspect quadrant and east slope aspects (Figure 6.8). 




Figure 6.8. Tukey post hoc pairwise comparisons of landform MEF as a function of slope aspect class. The plotted 
lines represent the lower and upper level of the 95% confidence interval around the mean difference (black: sta-
tistically significant; red: non-statistically significant). 
Slope aspect appears to have little influence on landform size (Figure 6.9b), and no significant 
difference was found (ANOVA: F-value = 0.79, df within groups = 7, between groups = 1,097, 
p = 0.597). Both DDA and I-DL mean size is largest on east-facing slopes. Indeed, the largest I-
DL encompassing 3.55 km² is located on a south-facing slope ([4]NEP74_2_12-22-2011). Slope 
aspect appears to affect areal distribution (Figure 6.9c). DDA total area in the northern quad-
rant, ~30 km², is greater than that in the southern quadrant, ~10 km². In contrast, the pattern 
of I-DL total area is relatively homogenous across aspect classes, with two exceptions; the 
peak and trough in west and southeast aspect classes, respectively (Figure 6.9c). Figure 6.10a 
demonstrates that the frequency of hillslope aspects ≥3,225 m a.s.l. in the Nepalese Himalaya 
are relatively uniform, whereas Figure 6.10b reaffirms the relative dominance of the northern 
and west aspect classes. 




Figure 6.9. Analysis of: (a) MEF; (b) DDA/I-DL mean size; and (c) DDA/I-DL total area, as a function of slope aspect. 




Figure 6.10. Analysis of hillslope aspect for landforms in the inventory: (a) frequency of hillslope aspects for all-
mountain slopes (≥3,225 m a.s.l.) for each pixel in the Nepalese Himalaya; and (b) frequency of aspect classes for 
observed landforms in the Nepalese Himalaya. 
6.5.1.3 LANDFORM MORPHOLOGY 
The predominant geometry type (see section 6.4.1.2) of landforms in the inventory was 
tongue-shaped (91%), a proportion reflected by both DDAs and I-DLs (91% and 90%, respec-
tively). Landforms >1 km in length form ~16% of the observed DDAs/I-DLs, examples of which 
are apparent in all five sub-regions. Remaining landforms were all <1 km long; overall mean 
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length was ~690 ± 519 m, while I-DL and DDA mean length was calculated to be 765 ± 569 and 
531 ± 343 m respectively (Table 6.4). I-DL mean length was longest in the West region (?̅?  = 
829 ± 610 m) and shortest in the Central region (?̅?  = 549 ± 264 m), while DDA mean length 
was longest in the Far-west region (?̅?  = 662 ± 359 m) and shortest in the East region at 413 ± 
203 m (Table 6.4).  
Median values (as opposed to means) are reported in order to analyse spatially the landform 
length since this variable is not normally distributed and exhibits large standard deviations. 
Across Nepal, the median landform length of I-DLs (615 m) is greater than that of DDAs (442 
m); this pattern is reflected within all sub-regions (Figure 6.11a). Additionally, the median 
length of both I-DLs and DDAs generally increases from east to west (Figure 6.11a). Indeed, 
landform length differed statistically significantly between regions (ANOVA: F-value = 13.42, 
df within groups = 4, between groups = 1,132, p = <0.001).  
Tukey post hoc testing of I-DL length (ANOVA: F-value = 5.61, df within groups = 4, between 
groups = 767, p = <0.001) showed that landforms in the western regions exhibit statistically 
greater lengths than those in the East region; the West region (p = <0.001) and Far-west re-
gion, p = 0.010). Similarly, DDAs (ANOVA: F-value = 6.33, df within groups = 4, between groups 
= 360, p = <0.001) towards western Nepal are also significantly longer than those situated in 
eastern Nepal; the Central-west- (p = 0.043), West- (p = 0.001) and Far-west-regions (p = 
0.030) DDAs are statistically longer than in the Central region, while those situated in the West 
region (p = 0.001) and Far-west region (p = 0.037) are statistically longer than those of the East 
region. Indeed, the longest observed landform, measuring 4,686 m ([5]NEP207_1_11-18-
2012), is situated within the Far-west region. 
In total, the DDA/I-DL sample covers 249.83 km² of the Nepalese Himalaya. Furthermore, up-
scaled estimates total 1,371 km² throughout Nepal, with regional total upscaled estimates 
ranging between 43.86 and 731.82 km² in the Central- and West-region, respectively. Individ-
ually, digitised landform area varies between 0.005 and 3.54 km², with 719 (~63%) landforms 
≥0.1 km² in area. Both the largest I-DL and DDA are situated within the West region (3.54 km² 
and 1.50 km², respectively). Nepal-wide mean landform area was reported at 0.22 ± 0.30 km² 
and median at 0.13 km². There are no DDAs/I-DLs >1 km² in the Central region. 
Similar to landform length, regional mean DDA/I-DL area values exhibit large standard devia-
tions and are not normally distributed, and thus median values are reported. Overall, median 
landform area ranges between 0.10 and 0.16 km² and generally increases for both DDAs and 
CHAPTER 6: THE DISTRIBUTION AND HYDROLOGICAL SIGNIFICANCE OF ROCK GLACIERS IN THE NEPALESE HIMALAYA 
127 
 
I-DLs from east to west (Figure 6.11b). Furthermore, ANOVA showed statistically significant 
differences between regions and landform area (F-value = 12.21, df within groups = 4, be-
tween groups = 1,132, p = <0.001). Tukey post hoc testing of I-DL area (ANOVA: F-value = 6.13, 
df within groups = 4, between groups = 767, p = <0.001) showed that values in the Central-
west- (p = 0.034), West- (p = <0.001) and Far-west-region (p = 0.013) were statistically larger 
than the East region. DDAs (ANOVA: F-value = 3.90, df within groups = 4, between groups = 
360, p = 0.004) in the East region were also found to be statistically smaller than in other re-
gions; the West region (p = 0.032) and Far-west region (p = 0.043). Conversely, previous work 
reported the opposite, with landform area in the Nepalese Himalaya decreasing from east to 
west (Regmi, 2008); however, this study focused on five relatively small-scale study areas 
across Nepal totalling 1,654 km². 




Figure 6.11. Nepal-wide- and regional-analysis of DDA/I-DL: (a) median landform length; and (b) median landform 
area. 
6.5.2 WATER EQUIVALENT STORES 
Sample I-DL thickness estimates ranged between ~19 and ~64 m (mean = ~35 m). Resulting 
sample I-DL ice content was estimated to be between 3.35 to 5.03 billion cubic metres; up-
scaled I-DL ice content was estimated to be 22.99 ± 0.60 billion cubic metres (Table 6.7). 
The results in Table 6.7 show that the sample of I-DLs is estimated to contain a total WVEQ of 
3.81 ± 0.84 km³ throughout Nepal. The reported upscaled estimates suggest total WVEQs of 
CHAPTER 6: THE DISTRIBUTION AND HYDROLOGICAL SIGNIFICANCE OF ROCK GLACIERS IN THE NEPALESE HIMALAYA 
129 
 
20.90 ± 4.18 km³ could reasonably be stored within I-DLs throughout Nepal (see Supplemen-
tary Figure 12.3). Henceforth, I-DL volumetric results will reflect the format sample result (up-
scaled result). Regionally, I-DLs within the Central region have been estimated to contain the 
smallest WVEQs, storing between 0.04 and 0.06 km³ (0.23–0.35 km³) of water. The East- and 
Far-west-regions store 0.25 ± 0.05 km³ (1.31 ± 0.27 km³) and 0.58 ± 0.12 km³ (2.99 ± 1.60 km³) 
of water respectively, while I-DLs situated within the Central-west region contain frozen hy-
drological stores between 0.85 and 1.27 km³ (4.19–6.29 km³). In the West region, I-DLs con-
tain the largest regional estimated WVEQ, 1.57 to 2.36 km³ (8.85–13.27 km³), more than dou-
ble the stores within the Central-west region.  
Table 6.7. Ice volume (km³) and corresponding WVEQs (km³) for both the sample and upscaled I-DLs, regionally 
and Nepal-wide (total). These calculations encompass a range of ice content by volume estimates with a lower 
(40%), average (50%) and upper (60%) bound. Values are reported to two decimal places. 
Region 
Ice content by 
volume 
Sample I-DLs Upscaled I-DLs 
Ice volume 
(km³) WVEQ (km³) 
Ice volume 
(km³) WVEQ (km³) 
East 
(86°34'–88°12'E) 
Lower (40%) 0.22 0.20 1.16 1.05 
Average (50%) 0.27 0.25 1.45 1.31 
Upper (60%) 0.33 0.30 1.73 1.58 
Central 
(84°56'–86°34'E) 
Lower (40%) 0.04 0.04 0.26 0.23 
Average (50%) 0.05 0.05 0.32 0.29 
Upper (60%) 0.07 0.06 0.38 0.35 
Central-west 
(83°18'–84°56'E) 
Lower (40%) 0.85 0.77 4.61 4.19 
Average (50%) 1.06 0.96 5.76 5.24 
Upper (60%) 1.27 1.16 6.91 6.29 
West 
(81°40'–83°18'E) 
Lower (40%) 1.73 1.57 9.73 8.85 
Average (50%) 2.16 1.97 12.17 11.06 
Upper (60%) 2.60 2.36 14.60 13.27 
Far-west 
(80°02'–81°40'E) 
Lower (40%) 0.51 0.46 2.63 2.39 
Average (50%) 0.64 0.58 3.29 2.99 
Upper (60%) 0.76 0.69 3.95 3.59 
Total 
Lower (40%) 3.35 3.05 18.39 16.72 
Average (50%) 4.19 3.81 22.99 20.90 
Upper (60%) 5.03 4.57 27.59 25.08 
 
GlabTop2 provides estimated ice glacier thicknesses ranging between ~4 and ~454 m (mean 
= ~49 m) within Nepal, with total ice volume estimated to be ~219.59 billion cubic metres. On 
average, I-DLs within the Nepalese Himalaya contain 3.81 km³ (20.90 km³) of water, whereas 
ice glaciers store 197.63 km³ (Table 6.7; Table 6.8). This translates to a ratio of I-DL to ice glac-
ier WVEQ of 1:52, indicating that ice glaciers store a volume of water ~52 times larger than I-
DLs. This ratio reduces to 1:9, where upscaled I-DL WVEQs are considered. Regionally, the I-
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DL to ice glacier WVEQ ratio is lowest within the West region, 1:17 (1:3), where I-DLs contain 
1.97 km³ (11.06 km³) of water compared to 33.67 km³ stored within ice glaciers. Furthermore, 
regions west of 84°56’E have lower ratios (Central-west, 1:73 [1:13]; Far-west, 1:26 [1:5]) than 
those in the East- and Central-regions of Nepal. In the East region, I-DLs contain 0.25 km³ (1.31 
km³) of water, yet 53.17 km³ resides within ice glaciers, resulting in an I-DL to ice glacier WVEQ 
ratio of 1:214 (1:40). The highest I-DL to ice glacier WVEQ ratio, 1:517 (1:89), aligns with the 
region containing the fewest number of I-DLs and smallest WVEQ – the Central region (0.05 
km³ [0.29 km³]); ice glacier WVEQ in this region is estimated to be 25.86 km³. 
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6.5.3 INVENTORY VALIDATION 
Certainty Index scores, listed in order of occurrence, for the sample are high certainty (~82%), 
virtual certainty (~11%) and medium certainty (~6%). I-DLs dominate the ‘virtual certainty’ 
category (96%), while DDAs have a proportionally larger presence in the ‘medium certainty’ 
category (63%). This is to be expected. As the geomorphic indicators used to identify DDAs/I-
DLs are a surficial expression of the presence of abundant ice (Table 6.1), relict features (DDAs) 
or those transitioning towards relict activity status exhibit less well-defined morphological 
characteristics, and thus increased uncertainty with regards to: (i) clear external boundaries 
(i.e. outline); (ii) distinct longitudinal flow structure; (iii) distinct transverse flow structure; and 
(iv) steepness of the frontal slope. To better understand inventory uncertainty, there is a need 
for further inventory validation beyond those measures (i.e. Certainty Index) already in place.  
6.5.3.1 COMPARISON WITH THE PERMAFROST ZONATION INDEX 
Rock glaciers, as the most conspicuous morphological manifestation of permafrost in high 
mountain systems (Barsch, 1996), have previously been utilised for the estimation of perma-
frost distribution (Janke, 2005b; Sattler et al., 2016; Deluigi et al., 2017; Esper Angillieri, 2017). 
The Global Permafrost Zonation Index (PZI), based on a simple global model with a spatial 
resolution of ~1 km, is an index that helps to consistently constrain and visualise areas of likely 
permafrost occurrence (Gruber, 2012). In the HKH region, Schmid et al. (2015) reported good 
agreement between the PZI and mapped rock glaciers; therefore, here we compare the spa-
tial distribution of the sample within Nepal to the PZI.  
Overall, only ~4% of the DDA/I-DL sample reaches areas outside of the PZI boundary; thirty-
one relict landforms and 13 intact landforms (Figure 6.12). PZI values ≥0.1 form the perma-
frost region (PR), with PZI <0.1 attributed to the PZI fringe of uncertainty – “the zone of uncer-
tainty over which PZI could extend under conservative estimates” (cf. Table 1 in Gruber, 2012). 
Here, ninety-nine landforms, predominantly DDAs (82%), are situated within the PZI fringe of 
uncertainty. Thus, 87% of the DDA/I-DL sample was situated within the PR; 96% and 69% of I-
DLs and DDAs, respectively. Additionally, with increasing ‘habitat suitability’ for I-DL develop-
ment and sustainability, i.e. towards PZI = 1, we report largely concurrent increases in I-DL 
frequency and vice versa for DDAs (Figure 6.12a). Furthermore, Figure 6.12b reflects the spa-
tial distribution of total landform area as a function of PZI values; this suggests a strong rela-
tionship between DDA/I-DL habitat suitability and total landform area. Regarding Certainty 
Index scores, those landforms categorised as high certainty and virtual certainty cluster 
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around PZI values ≥0.6 (~56% and ~71%, respectively). DDAs/I-DLs categorised as medium 
certainty cluster around PZI values ≤0.3 (59%), which may reflect the less well-defined mor-
phological characteristics of landforms – relict features or those transitioning towards relict 
activity status – containing lower ice volumes. Based on this summary evaluation, both the 
DDA/I-DL identification and mapping and classification of activity status are in good agree-
ment with the PZI. Additionally, several rock glaciers in the Khumbu region were also validated 
in the field. 




Figure 6.12. Analysis of the DDA/I-DL sample in relation to the PZI for: (a) the number of landforms; and (b) the 
total landform area. Pale colours represent intact (I-DL) landforms and intense colours indicate relict (DDA) land-
forms; bars are stacked. Regarding the PZI, see Gruber (2012) for further information. 




6.6.1 LANDFORM DISTRIBUTION AND MORPHOLOGY 
This Nepalese rock glacier inventory identified >6,000 landforms, from which a randomly se-
lected ~20% sample (n = 1,137) was digitised, 772 intact and 365 relict landforms. The inter-
regional MEF of observed landforms was rather inhomogeneous (Figure 6.4). Digitised DDAs 
and I-DLs were situated within an elevation range of 3,225–5,675 m a.s.l., broadly consistent 
with that reported for the HKH (3,500–5,500 m a.s.l.) (Schmid et al., 2015). Onaca et al. (2017) 
report that rock glaciers in the highest mountain ranges are comparatively larger than those 
in lower mountain ranges, as the duration of their activity lasted longer in the former. In the 
Nepalese Himalaya, many landform lengths are similar to the largest examples of rock glaciers 
found elsewhere, including the Karakoram Himalaya where many exceed 2 km, and some as 
much as 4 km (Hewitt, 2014, p. 276). The Chon-Aksu (Kalgan Tash, Tien Shan) and Karakoram 
rock glaciers, for example, are reported to be 3.2 and 3.7 km in length respectively (Bolch and 
Gorbunov, 2014). Additionally, rock glacier area (?̅?  = 0.22 km²) exceeds that of rock glaciers 
in other mountain ranges (see Jones et al., 2018a). Direct conversion of specific landform area 
(ha km⁻²) to specific landform density (%) enables comparison with previous studies. At 3.40%, 
specific landform density within Nepal is higher than other studies in Central Asia; for exam-
ple, ~1.50% in the Northern Tien Shan (Kazakhstan/Kyrgyzstan) (Bolch and Gorbunov, 2014) 
and 2.65% in the Zailyiskiy and Kungey Alatau (Kazakhstan/Kyrgyzstan) (Bolch and 
Marchenko, 2006). However, even higher densities have been reported in the Andes of San-
tiago (6.70%) and Andes of Mendoza, Chile (5.00%, Brenning, 2005a), and Turtmanntal, Swiss 
Alps (4.00%, Nyenhuis et al., 2005).  
Rock glacier ‘habitats’ are typically situated in regions with high elevation, low MAAT and 
mainly low precipitation (Barsch, 1977; Haeberli, 1983; Baroni et al., 2004); conditions char-
acteristic of the Nepalese Himalaya. At the regional-scale, precipitation and temperature cli-
matically control rock glacier distribution; the former is dependent on elevation and aspect 
(Rangecroft et al., 2014).  
The 0°C isotherm of MAAT and the equilibrium line altitude form the lower- and upper-
bounds respectively, of I-DL development (Humlum, 1988; Brenning, 2005a; Rangecroft et al., 
2014; Rangecroft et al., 2016). The mean MEF difference between intact and relict landforms, 
therefore, reflects an upward shift (~436 m) of the 0°C isotherm of MAAT over time. Across 
the Nepalese Himalaya, precipitation contributions decrease from east to west and from 
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south to north (Kansakar et al., 2004), for instance, regions north of high mountains are par-
ticularly arid (<500 mm yr⁻¹) compared to regions located on the windward side (Böhner et 
al., 2015 as cited in Karki et al., 2017). Furthermore, the lowest precipitation amounts are re-
ported in Mustang, Manang and Dolpa (<150 mm yr⁻¹), situated in the leeward side of the 
Annapurna Range (Karki et al., 2017). In response to increasing continentality, the equilibrium 
line altitude increases, expanding the rock glacier niche (e.g., Rangecroft et al., 2014). Barsch 
and Jakob (1998) note that rock glaciers occur less frequently in subtropical mountain ranges 
associated with monsoon-dominated climates. In these zones, low snow lines and low equi-
librium line altitudes result in extensive glaciation and thus restrict the niche appropriate for 
rock glacier development. Indeed, the largest and smallest range of DDA/I-DL MEFs occur in 
the West and Central regions respectively (Figure 6.4), and DDA/I-DL spatial density reflects 
this trend, with higher values towards the west of Nepal (Table 6.5). An inverse relationship is 
apparent between DDA/I-DL occurrence and precipitation, where high DDA/I-DL spatial den-
sities are coupled with drier conditions. Similar assertions have been made for the European 
Alps (Boeckli et al., 2012). It should be noted, however, that under future warming the 0°C 
isotherm may move closer to, or above, mountain summits (Azócar and Brenning, 2010). The 
resulting smaller rock glacier niche, therefore, potentially leads to a decreased frequency in 
intact landforms and vice versa regarding relict landforms (Krainer and Ribis, 2012).  
In the Nepalese Himalaya, analysis of observed landforms as a function of slope aspect con-
firms that DDAs/I-DLs situated within the north- to west-aspect classes, occur at lower MEFs 
than those found within the south- to east-aspect classes (Figure 6.8), corroborating findings 
from prior northern hemispheric studies which have found similar relationships (e.g., Seppi et 
al., 2012; Scotti et al., 2013). Furthermore, this finding is in agreement with previous work in 
the Kangchenjunga Himal, eastern Nepal, where the lowermost occurrences of rock glaciers 
were reported to vary from 4,800 m a.s.l. on northern slope aspects to 5,300 m a.s.l. on south- 
to east-facing slopes (Ishikawa et al., 2001). Therefore, northerly- and westerly-aspects with 
their reduced insolation, enable rock glacier formation and preservation at lower MEFs than 
other aspects (Figure 6.7). Furthermore, northerly aspects favour DDA/I-DL occurrence (Table 
6.6), although there was no significant difference in landform frequency between aspects. In-
deed, our results differ from previous inventories in the northern hemisphere (e.g., Barsch, 
1996; Guglielmin and Smiraglia, 1997; Baroni et al., 2004) in which observed landforms cluster 
within the northern quadrant, with <10% situated in the remaining aspect classes; here, 
south-facing slopes account for 29% (SW, 13%; S, 10%; SE, 6%) of observed landforms. 
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Although elevation [temperature] is important in determining landform area, no correlation 
was observed between MEF and DDA/I-DL length (r = -0.04) or area (r = -0.09). Climatic con-
trols, therefore, only partially explain DDA/I-DL characteristics and distribution.  
In addition to climatic conditions, key controls on rock glacier characteristics and distribution 
include (i) glacial history (past- and modern-glaciations) and (ii) talus supply (Brenning, 2005a; 
Johnson et al., 2007). Topographic controls influence rock glacier form and distribution as local 
terrain, topoclimates and avalanche dynamics may override large-scale climatic- or altitudinal-
drivers (Humlum, 1998; Janke, 2007). In the high and deeply incised Himalayas (Scherler et al., 
2011), an abundance of steep rock walls associated with glacier-cirques (melted out) and 
over-deepened valley sides, provides suitable catchment areas for rock glacier development 
and, combined with intense monsoonal precipitation and tectonic activity, drives sediment 
transport processes (Barsch and Jakob, 1998). For example, within Central Asia, suggested ex-
planations for rock glacier presence and absence in adjacent valleys of the northern Tien Shan, 
relate to large earthquake-driven rock avalanches or other mass movements (Gorbunov, 1983 
as cited in Bolch and Gorbunov, 2014). It is important that lithology, a critical control for talus 
supply to ice- and rock-glacier surfaces (Haeberli et al., 2006), is evaluated with respect to the 
above. Unfortunately, high-quality lithological data for the Nepalese Himalaya was not avail-
able for use in this study. 
6.6.2 ICE-DEBRIS LANDFORM WATER CONTENT 
Results from the Nepalese Himalaya indicate that I-DLs may act as hydrologically valuable 
long-term water stores. Studies that consider rock glacier WVEQs are limited in number, par-
ticularly in Central Asia (Jones et al., 2018a); therefore, our estimates are compared to study 
regions further afield. I-DLs forming the sample in the Nepalese Himalaya are estimated to 
store the WVEQ of 3.05 to 5.03 km³, and between 16.72 and 25.08 km³ when considering 
upscaled estimates; significantly greater than estimates for other regions, for instance, the 
Chilean Andes (Azócar and Brenning, 2010), Bolivian Andes (Rangecroft et al., 2015), and Ar-
gentinean Andes (Perucca and Esper Angillieri, 2011). In Chile (27°–33°S), Azócar and Brenning 
(2010) found 147.5 km² of rock glaciers, estimated to store the water equivalent of 2.37 km³ 
– exclusive of our estimates, the largest WVEQ estimation to date. Overall, the upscaled na-
tional ratio of I-DL to ice glacier WVEQ is 1:9 (Table 6.8), suggesting that as water stores I-DLs 
in the Nepalese Himalaya are of relatively greater importance than those of the Bolivian An-
des, 1:33 (Rangecroft et al., 2015) and the European (Swiss) Alps, ~1:83 (Brenning, 2005a). 
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However, evaluating the relative hydrological significance of I-DL WVEQs with respect to other 
water stores (e.g., ice glaciers) at the regional-scale vs the national-scale, provides important 
information for effective water resource management, particularly in terms of climate change 
adaptation strategies. Table 6.8, for instance, shows large inter-regional variability of I-DL 
WVEQs. In the Nepalese Himalaya, both the estimated volumetric ice content and spatial 
landform density (4.69%) were greatest within the West region, and therefore I-DLs situated 
in this region have the most potential as water sources. Conversely, volumetric ice content of 
I-DLs found in the Central region was the lowest in the Nepalese Himalaya. Rangecroft et al. 
(2015) suggest that through investigating these inter-regional differences in the context of 
both natural- and anthropogenic-external factors (e.g., population levels and alternate water 
sources), the hydrological significance of I-DL frozen water storage can be better understood. 
6.6.3 ICE-DEBRIS LANDFORM HYDROLOGICAL SIGNIFICANCE  
Across the Nepalese Himalaya, upscaled estimates of I-DL frozen water stores range between 
0.29 and 11.06 km³ (Table 6.7; Table 6.8), with greater volumes found towards the west. I-
DLs of the East- and Central-regions stored the lowest amounts of water (1.4% and 6.3% of 
total estimated I-DL WVEQ, respectively), yet with a combined population of ~15.5 million 
people (~58% of the Nepalese population), these regions are the most densely populated in 
Nepal (Central Bureau of Statistics, 2014)4. Within these regions, I-DL to ice glacier WVEQ ra-
tios in Table 6.8 show clearly that I-DLs contribute significantly less to regional water supply 
than ice glaciers. Central region estimated I-DL water storage is comparable to rock glaciers of 
the Chilean Andes (27°–29°S), which contain 0.35 km³ (Azócar and Brenning, 2010), although 
the relative abundance of other water sources in the Central region, Nepal, suggests I-DLs 
have lower relative importance than their counterparts in the Chilean Andes (ratio = 1:2.7 
[Azócar and Brenning, 2010]). However, we hypothesise that I-DLs will become relatively 
more important compared to ice glaciers, with continued ice- and debris-covered-glacier mass 
loss in response to climate change in this region (e.g., Bolch et al., 2012; Kääb et al., 2012; 
Nuimura et al., 2012; Gardelle et al., 2013; King et al., 2017).  
I-DLs are thermally decoupled from external micro- and meso-climates due to the insulative 
effect of the AL (Humlum, 1997; Bonnaventure and Lamoureux, 2013; Gruber et al., 2016). 
Consequently, the response of I-DLs to climate change occurs at decadal time scales, 
 
4 The five geographic sectors used within this study approximately align with the development regions used by 
the Central Bureau of Statistics (2014).  
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comparatively longer than ice glaciers (Haeberli et al., 2006). Therefore, I-DLs are more climat-
ically resilient than ice glaciers (Millar and Westfall, 2008). Indeed, while I-DL MEFs are often 
strongly associated with the 0°C isotherm of MAAT (e.g., Sorg et al., 2015; Rangecroft et al., 
2016), examples of I-DLs with positive MAATs have been reported (e.g., Baroni et al., 2004).  
Climate-driven deglaciation resulting in the transition from glacial- to paraglacial-dominated 
process regimes in high mountain systems, for instance, the High Himalaya (Harrison, 2009), 
may subsequently increase ice glacier surface insulation through enhanced debris-supply 
(e.g., enhanced RSFs), preserving frozen water stores as ice glaciers transition to rock glacier 
forms (Knight and Harrison, 2014a). While few studies have reported the ice- to rock-glacier 
transition, Monnier and Kinnard (2015b) report an example in the Juncal Massif, Chilean cen-
tral Andes, where the lower-section of the Presenteseracae debris-covered glacier has devel-
oped distinctive rock glacier morphology during the previous 60 years. Hillslope-erosion rates 
and hillslope angle usually increase concomitantly (Ouimet et al., 2009), with increased debris 
flux to glacier surfaces and therefore the formation of debris-covered glaciers linked to steep 
(>25°) accumulation areas; topographic characteristics typical within the high and deeply in-
cised Himalayas (Scherler et al., 2011). Indeed, Himalayan debris-covered glaciers commonly 
have thick debris cover (>1 m) (Shroder et al., 2000; Nicholson and Benn, 2013). Steady-state 
talus-nourishment rates to (i) feature rooting zones encourage rock glacier growth (Bolch and 
Gorbunov, 2014) and restrict rock glacier starvation (Kellerer-Pirklbauer and Rieckh, 2016); 
and (ii) glacier surfaces encourages ice- to rock-glacier transition.  
I-DLs situated in the Central-west- and West-regions contained the highest amounts of water 
(25.1% and 52.9% of total estimated I-DL WVEQ, respectively) according to our modelling re-
sults. In the West region, I-DLs have the highest relative importance as water stores compared 
to ice glaciers of all regions within the Nepalese Himalaya, with an I-DL to ice glacier WVEQ 
ratio of 1:3 (Table 6.8). This ratio is larger than that of the Sajama region, Bolivia (17°–18°S) 
(Rangecroft et al., 2015) and the Andes of Santiago, Chile (Brenning, 2005a), both with a ratio 
of 1:7, but of lower importance than in the Semi-arid Chilean Andes (29°–32°S) where rock 
glaciers are dominant with a ratio of 3:1 (Azócar and Brenning, 2010). Monsoonal precipita-
tion (June–September) dominates annual precipitation (Shrestha et al., 2000; Karki et al., 
2016), with contributions decreasing from east to west and from south to north (Kansakar et 
al., 2004). Consequently, as a result of substantial projected long-term glacial mass losses in 
response to climate warming (Bolch et al., 2012; Jiménez Cisneros et al., 2014; Huss and Hock, 
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2015; Shrestha et al., 2015), very low precipitation amounts, and limited investment in water 
resources infrastructure in mountainous regions (Bartlett et al., 2010, p. 18), we hypothesise 
that the hydrological value of I-DL water stores towards the west of Nepal, including the Cen-
tral-west region (1:13), may be of greater importance than the I-DL to ice glacier WVEQ ratio 
initially suggests.  
6.6.4 FURTHER CONSIDERATIONS AND FUTURE RESEARCH 
Whereas much has been written on the role of ice glaciers in maintaining water supplies 
(Bradley et al., 2006; Vuille et al., 2008), that of rock glaciers has received comparatively little 
attention (Duguay et al., 2015). Rock glacier hydrology, however, is highly complex given: “var‐
ious possible inputs and outputs; phase changes and movement of water associated with the 
AL; irregular distribution of frozen matrix that allows convoluted pathways for water flow; and 
deep crevices into which water disappears, among other complicating factors” (Burger et al., 
1999). As a “porous medium that functions as an aquifer having recharge, discharge, through-
flow characteristics, and storage” (Burger et al., 1999), ‘storage’ in rock glaciers occurs at long-
term, intermediate-term, and short-term timescales (Figure 4.3). Within the Nepalese Hima-
laya, we have shown that I-DLs form long-term stores of frozen water of significant hydrolog-
ical value; however, the total I-DL WVEQs calculated here may not be fully representative of 
readily available water for human consumption (Duguay et al., 2015; Rangecroft et al., 2015). 
Importantly, rock glacier hydrological significance relates not solely to the long-term storage 
of frozen water, but also to: (i) the seasonal storage and release of water; and (ii) the 
interaction of water flowing through or beneath rock glaciers. 
Regarding (i), comparative studies focused on rock glacier- vs ice glacier-discharge are partic-
ularly few in number (Geiger et al., 2014). Within this small body of literature, contrasting 
perspectives have emerged with regards to the relative significance of rock glacier-derived 
hydrological contributions, particularly compared to other water sources. Previous studies 
have reported more consistent discharge from rock glaciers in comparison with ice glaciers 
(Potter, 1972; Corte, 1987; Gardner and Bajewsky, 1987; Bajewsky and Gardner, 1989). Addi-
tionally, rock glacier discharge patterns ‘mimic’ those of ice glaciers (Krainer and Mostler, 
2002; Geiger et al., 2014), although at significantly lower magnitude (Geiger et al., 2014). 
Others (e.g., Falaschi et al., 2014) report rock glacier hydrological contributions to 
downstream-runoff are significant; however, these conclusions are based on non-
quantitative data (Duguay et al., 2015). The discharge may originate from a single source or 
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multiple sources (e.g., ground ice degradation, groundwater discharge near the toe, 
precipitation events, through-flow of upstream ice- and/or snowpack-derived meltwater) 
(Burger et al., 1999). Indeed, a negligible or non-measurable contribution of ground ice 
degradation to discharge has been reported (Cecil et al., 1998; Croce and Milana, 2002; 
Krainer and Mostler, 2002; Krainer et al., 2007), corroborated by the predominant absence of 
springs near to the rock glacier toe (i.e. the base of the front slope) in semi-arid regions 
(Pourrier et al., 2014). However, it is plausible that rock glacier waters may drain directly 
underground (Pourrier et al., 2014). Discharge-related studies are predominantly focused on 
the present as opposed to potential future rock glacier-derived hydrological contributions; 
therefore, the hydrological significance of rock glaciers is defined according to a limited time-
scale. At decadal and longer time-scales, under future climate warming, thawing of ground ice 
within rock glaciers may represent an increasing hydrological contribution to downstream 
regions (Thies et al., 2013). Therefore, we support previous studies (e.g., Duguay et al., 2015) 
and suggest further quantitative data is required, while field methodologies enabling 
separation of rock glacier-derived discharge from adjacent water sources are necessary. 
Regarding (ii), rock glaciers can strongly influence catchment hydrology. Following 
precipitation events, total basin hydrographs indicate increased surface runoff within alpine 
catchments containing rock glaciers, which suggests rock glaciers form impervious surfaces 
(i.e. the perennially frozen layer at the base of the AL acts as an aquiclude) (Brenning, 2005b; 
Geiger et al., 2014). This may increase the likelihood of flooding (Krainer and Mostler, 2002; 
Geiger et al., 2014). Additionally, rock glaciers are characterised by high storage capacity 
(linked to high hydraulic conductivity) and low transmissive function in comparison to ice- and 
debris-covered-glaciers (Pourrier et al., 2014), particularly features with lower ground ice 
content. Therefore, rock glaciers can exhibit: (i) a strong buffering effect on the daily-to-
monthly variability of transferring glacial- and snowpack-meltwater interflows to downstream 
areas; and (ii) a high storage capacity that partially delays glacier- and snowpack-meltwater 
transfer to downstream areas (Pourrier et al., 2014). Consequently, relict rock glaciers may 
strongly influence catchment hydrology by means of runoff interruption. For example, within 
the Niedere Tauern Range, Austria, Winkler et al. (2016b) report that following recharge 
events (i.e. precipitation events), relict rock glaciers rapidly (within hours) release ~20% of 
their recharge, however, the remaining ~80% is considerably delayed; calculated mean resi-
dence time is ~0.6 years (≅ 7 months). Furthermore, exceptionally high discharge rates re-
ported from springs at the toe of relict rock glaciers (Kellerer-Pirklbauer et al., 2013), 
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emphasise the strong influence of this rock glacier type both on the water storage capabilities 
and discharge behaviour of these catchments. Therefore, relict rock glaciers potentially form 
‘temporary aquifers’ of significant hydrological value; however, they are regularly neglected 
in the context of rock glacier hydrological significance. Indeed, as yet no scientific investigation 
has “quantitatively established the complete hydrological role of the periglacial environment 
within a given watershed or region” (Duguay et al., 2015). Their number, spatial distribution, 
and morphometric characteristics are defined within this inventory; however, much further 
research is required to better understand their hydrological role.  
With further regards to (ii), given the potential of rock glaciers as potable water sources 
(Burger et al., 1999), understanding rock glacier outflow water quality characteristics is of crit-
ical importance. With slower recessional rates compared to ice glaciers, rock glaciers may in-
fluence the biogeochemistry of outflow over comparatively longer time-scales (Fegel et al., 
2016). Despite this, the biogeochemistry of rock glacier outflow has been the focus of few 
scientific investigations. Generally, lower SSC and higher TDS relative to glacier-derived melt-
water, have resulted in rock glacier outflow being described as ‘clear’ (Gardner and Bajewsky, 
1987). However, given the greater debris fraction in rock glaciers compared to ice glaciers, 
mineral surface area-ground ice contact is greater, and thus undergoes active chemical 
weathering (Ilyashuk et al., 2014). Indeed, TDS analysis indicates that interflowing waters are 
chemically influenced with outflows becoming solute-enriched (Ilyashuk et al., 2014, 2018). 
Examples of rock glacier outflow are reported where abnormally high concentrations of cer-
tain elements exceed EU limit values for drinking water (e.g., sulphate, manganese, 
aluminium, nickel [Ilyashuk et al., 2014]). Furthermore, reported outflow pH levels (7.3–8.4) 
and interflow pH levels (6.4–6.9) (Ilyashuk et al., 2014), further illustrate the ‘solute-concen-
trating effect’ of rock glaciers. Others have reported similar findings (Williams et al., 2006; 
Thies et al., 2007; Thies et al., 2013; Nickus et al., 2015). Therefore, while rock glaciers may 
form reliable potable water sources, further research into water quality is necessary.  
Lastly, in the adaptation context, “adaption needs are highly diverse, dynamic, and context-
specific” (Regmi and Pandit, 2016), particularly in high mountain systems, therefore basin-
scale knowledge is critically important. Additionally, research on the impacts of past environ-
mental conditions of the hydrological function of rock glaciers is largely understudied (Sorg et 
al., 2015); research required to fully understand the applicability of the inventory presented 
in this study, to future contexts. Finally, under continued climate change, many ice glaciers 
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will potentially transition to rock glaciers; however, further research is required to understand 
this process. 
6.7 CONCLUSION 
In this study, the first complete inventory of DDAs/I-DLs in the Nepalese Himalaya has identi-
fied >6,000 features, covering an estimated 1,371 km². A ~20% sample (n = 1,137) of land-
forms were digitised, the majority (68%) of which were classified as intact and the remaining 
as relict. An inverse relationship between precipitation and DDA/I-DL occurrence, elevation 
and morphometric characteristics (i.e. length and area), with increasing values from east to 
west associated with drier conditions, was identified. Both DDAs and I-DLs situated within 
north- to west-aspect classes, reside at statistically significantly lower elevations than those 
within south- to east-aspects. Additionally, the majority (56%) of DDAs and I-DLs had a nor-
therly aspect (NE, N, NW), suggesting that temperature (i.e. solar insolation) is an important 
control on DDA/I-DL characteristics and distribution. Climatic controls, however, only partially 
explain DDA/I-DL characteristics and distribution, and thus other controls such as debris sup-
ply, glacial history, competition with ice glaciers and lithology should be considered. Indeed, 
under future climate warming, the hydrological value of I-DL frozen water stores in mountain 
regions is likely to become increasingly important; therefore, improved understanding of the 
controls upon I-DL development is critical. Prior to this study, knowledge of Nepalese I-DL fro-
zen water stores and their hydrological significance at local, regional, and national scales was 
limited. This study, for the first time, estimates I-DL WVEQs and evaluates their relative hydro-
logical importance in comparison to ice glaciers. Across the Nepalese Himalaya, I-DLs stored 
~21 trillion litres of frozen water, and their comparative hydrological importance increased 
westwards (e.g., ratio = 1:3, West region). With continued climatically-driven ice glacier reces-
sion, the relative importance of I-DLs in the Nepalese Himalaya will potentially increase. 
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 THE STATE OF HIMALAYAN ROCK GLACIERS 
7.1 ABSTRACT 
In HMA, human-induced climate warming threatens the high-mountain cryosphere. The con-
sequential changes in future runoff raise major concerns regarding the sustainability of these 
natural ‘water towers’ and the implications of reduced water availability for human systems 
in mountains and the surrounding lowlands. I-DLs, including rock glaciers, are reportedly cli-
matically more resilient than debris-covered and debris-free glaciers. Moreover, studies have 
shown that rock glaciers contain potentially hydrologically valuable WVEQs. Yet, in HMA in-
formation describing their number, spatial distribution, morphometric characteristics and 
WVEQ are scarce. In the present study, we present the first systematic inventory of DDAs/I-
DLs for the Himalaya. This database encompasses ~25,000 landforms, with an estimated areal 
coverage of 3,747 km². A sample (n = 2,070) of the identified landforms were digitised, and 
their quantitative and qualitative characteristics analysed regionally (West Himalaya, Central 
Himalaya, East Himalaya) and across the Himalaya. The majority of these landforms (~65%) 
were categorised as I-DLs (i.e. containing ice) and the remainder as DDAs (i.e. not containing 
ice). Using the digitised landforms and a statistical upscaling procedure, we estimated I-DL 
WVEQ for the first time and evaluated their relative hydrological value vs glaciers within the 
Himalaya. I-DLs are estimated to contain 51.80 ± 10.36 km³ of water; equivalent to between 
41 and 62 trillion litres. The comparative importance of I-DLs vs glaciers (I-DL: glacier WVEQ 
ratio) in the Himalaya was 1:24, ranging from 1:42 to 1:17 in the East and Central Himalaya, 
respectively. Additionally, for the first time we evaluate the influence of glacier volume meth-
odology choice on I-DL: glacier WVEQ ratios. Across the Himalaya I-DL: glacier WVEQ ratios 
ranged between 1:23 and 1:36 depending on the chosen method of glacier volume calcula-
tion. Regardless, I-DLs within the Himalaya constitute hydrologically valuable long-term water 
stores. Indeed, with continued climatically-driven glacier recession and mass loss the relative 
hydrological value of I-DLs in mountain regions is likely to become increasingly important.
7.2 INTRODUCTION 
In HMA, the high-mountain cryosphere forms natural water towers that are integral for eco-
system services provision, supplying multiple societal needs to ~800 million people living in 
the mountains and surrounding lowlands (Pritchard, 2019); e.g., potable water resources and 
water for irrigation, industry and agriculture (Immerzeel et al., 2010). However, considerable 
continued glacier mass loss is projected throughout the twenty-first century under multiple 
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RCPs (Kraaijenbrink et al., 2017; Hock et al., 2019a; Shannon et al., 2019). For instance, under 
high-end climate change scenarios,5 glacier volume in HMA is projected to decrease by ~95% 
towards 2100, relative to the present-day. In this simulation, the volume losses are driven by 
an average temperature change of +5.9 °C over glaciated regions in combination with an av-
erage precipitation increase of 20.9%. Regarding the latter, an increased rain-to-snow fraction 
is projected (Figure 7.1). Linked to this, an overall decrease in snow water equivalent has been 
reported for a number of catchments in HMA, particularly during spring (MAM) and summer 
(JJA) (Smith and Bookhagen, 2018). The continued decline of the HMA high-mountain cry-
osphere raises major concerns for the future sustainability of cryospheric water resources, 
particularly following peak water. Indeed, under RCP4.5 most basins fed by HMA glaciers are 
projected to reach peak water by ~2050; 2045 ± 17 years (Indus), 2044 ± 21 years (Ganges) 
and 2049 ± 18 years (Brahmaputra), for example (Huss and Hock, 2018). 
 
5 High-end climate change is defined as warming that exceeds 2 °C global average warming during the twenty-
first century (RCP8.5), relative to the pre-industrial period (Shannon et al., 2019).  




Figure 7.1. (a) Ensemble mean glacier volume loss, (b) air temperature change, and (c) precipitation change be-
tween the historical period (1980–2010) and the end of this century (2067–2097) over glaciated grid points. Glac-
ier volume loss projections were derived from simulations made using an elevation-dependent mass balance 
scheme in the JULES land surface model under high-end climate change scenarios. JULES has been forced with 
seven Coupled Model Intercomparison Project Phase 5 (CMIP5) models downscaled using the HadGEM3-A at-
mosphere-only model. N.B. The anomaly (‘hot spot’) present in (b) represents an air temperature change of +8.26 
°C, form -6.69 °C (historical period mean 1980–2010) to +1.57 °C (end of century mean 2067–2097). This large air 
temperature change is presumed to result from the pixel being snow-covered during the historical period, but 
land-covered in the future period. Land-covered pixel temperatures are higher due to lower albedo (Shannon, 
pers. comm.). Figure provided by Sarah Shannon. 
Given the need for strong climate adaptation in HMA, it is clear that a more comprehensive 
understanding of all components of the hydrological cycle in the high-mountain cryosphere is 
required (Jones et al., 2019). Existing research suggests that rock glaciers – lobate or tongue 
ROCK GLACIERS AND WATER SUPPLIES IN THE HIMALAYA 
148 
 
shaped landforms comprising a continuous and thick AL covering ice-supersaturated debris 
and/or pure ice, which slowly creep downslope (see Martin and Whalley, 1987; Barsch, 1996; 
Haeberli et al., 2006; Berthling, 2011) – may constitute increasingly important long-term wa-
ter stores (Jones et al., 2018a). Owing to the insulating and damping properties of the AL, rock 
glaciers are thought to be climatically more resilient than glaciers; consequently, their relative 
hydrological importance vs glaciers may increase under future climate warming (ibid.) (Figure 
7.2). Yet, to date, with a few notable exceptions (e.g., Jones et al., 2019; Schaffer et al., 2019), 
the hydrological role of rock glaciers has been afforded relatively scant consideration com-
pared to both debris-free glaciers (see Fountain and Walder, 1998; Jansson et al., 2003; Irvine‐
Fynn et al., 2011) and debris-covered glaciers (Fyffe et al., 2019, and references therein). In-
deed, in their recent book chapter, “Status and Change of the Cryosphere in the Extended 
Hindu Kush Himalayan Region”, Bolch et al. (2019b) synthesised and evaluated the state of 
current scientific knowledge regarding changes in the high-mountain cryosphere; however, 
rock glaciers are only mentioned briefly. Furthermore, while systematic rock glacier inventory6 
coverage has increased globally, HMA is comparatively data-deficient (Jones et al., 2018a). 
Across HMA, with few exceptions (Jones et al., 2018b; Blöthe et al., 2019; Baral et al., in press), 
rock glacier inventories have been conducted at relatively small spatial scales or are not spa-
tially explicit (e.g., Regmi, 2008; Bolch and Gorbunov, 2014; Schmid et al., 2015); therefore, 
rock glacier distribution and hydrological value are generally unknown. 
 
Figure 7.2. A conceptual diagram showing (a) the total water available, and (b) the relative hydrological contribu-
tion of debris-free glaciers, debris-covered glaciers and rock glaciers over time. [A] and [B] reflect the point where 
rock glaciers replace debris-free glaciers and debris-covered glaciers in terms of water storage, respectively.  
 
6 In this study, ‘systematic inventory studies’ refer to the strategic and complete mapping of rock glaciers within 
a study area. 
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Rock glacier genesis is the focus of a long-standing academic debate (see Barsch, 1977, 1987, 
1996; Whalley and Martin, 1992; Hamilton and Whalley, 1995; Clark et al., 1998; Whalley and 
Azizi, 2003; Haeberli et al., 2006; Berthling, 2011). Here, we adopt the dispassionate view that 
rock glaciers can be derived through either the permafrost model or the glacier ice core model 
(as per Berthling, 2011). Therefore, in this study, we adopt the inclusive, and non-genetic 
terms DDAs and I-DLs to incorporate rock glaciers, protalus lobes and protalus ramparts 
(sensu lato Harrison et al., 2008; Jarman et al., 2013).  
7.3 BRIEF METHODS 
In this study, the primary objective was to compile the first systematic rock glacier inventory 
for the Himalaya (Figure 1.2); this forms an extension of the existing systematic rock glacier 
inventory for the Nepalese Himalaya (Jones et al., 2018b). The inventory presented in this 
study was generated using freely available, fine spatial resolution satellite image data (Google 
Earth Pro) and a 30 m DEM. A ~5% sample, excluding the Nepalese Himalaya, of the identified 
landforms from the W-Himalaya, C-Himalaya and E-Himalaya was randomly selected and dig-
itised. The dynamic status of landforms was determined considering their presumed ice con-
tent and movement, according to the morphological classification by Barsch (1996), estab-
lished using geomorphic indicators (Table 6.1). The sampled landforms were classified as: (i) 
active landforms, contain ice and display movement; (ii) inactive landforms, contain ice and 
no longer display movement; or (iii) relict landforms, do not contain ice nor display movement 
(Haeberli, 1985; Barsch, 1996). For simplicity, active and inactive landforms are often collec-
tively termed intact landforms. In this study, DDAs and I-DLs represent relict and intact land-
forms, respectively.  
The secondary objective was to calculate I-DL WVEQ and assess I-DL vs glacier WVEQ across a 
range of spatial scales. As a consequence of the paucity of detailed sub-surface information 
for I-DLs, particularly in HMA, 2-D-area-related statistics (i.e. empirical H-S relations) using 
data from the digitised sample were applied to estimate I-DL thickness and volume. Empirical 
H-S relations can be expressed as ℎ̅ = 𝑐 ·  𝑆𝛽, where mean feature thickness ℎ̅ (m) is calcu-
lated as a function of surface area S (km²) and a scaling parameter c (50) and scaling exponent 
β (0.2) (Brenning, 2005a). Feature volumes were determined by 𝑉 =  ℎ̅  ·  𝑆. WVEQ was sub-
sequently estimated through the multiplication of V and estimated ice content (% by vol.) and 
assuming an ice density conversion factor of 900 kg m⁻³ (Paterson, 1994). Volumetric I-DL ice 
content is assumed to be 40–60% vol. (i.e. lower [40%], mean [50%] and upper bounds [60%]) 
ROCK GLACIERS AND WATER SUPPLIES IN THE HIMALAYA 
150 
 
in accordance with previous studies (Brenning, 2005a; Bodin et al., 2010; Rangecroft et al., 
2015; Jones et al., 2018a; Jones et al., 2018b) – consistent with in situ data derived from dif-
ferent climatic regions worldwide (e.g., Elconin and LaChapelle, 1997: >50%; Arenson et al., 
2002: 40–70%; Croce and Milana, 2002: ~55%; Hausmann et al., 2007: 45–60%; Hausmann et 
al., 2012: 40–60%). In order to estimate total landform area and WVEQ for the Himalaya, (i) 
the database presented here was amalgamated with the existing systematic rock glacier in-
ventory for the Nepalese Himalaya (Jones et al., 2018b), creating the first comprehensive sys-
tematic rock glacier inventory for the Himalaya; and (ii) the digitised sample (n = 2,070 [this 
study, n = 933; Jones et al., 2018, n = 1,137]) was extended to the entire population on a re-
gional basis through the upscaling procedure outlined in Supplementary Figure 12.3. Glacier 
area and volume data for the Himalaya were derived from Frey et al. (2014). The estimated 
glacier ice volumes that the WVEQs are based upon were calculated using the GlabTop2 ice-
thickness distribution model (ibid.). A full description of our methods and uncertainty assess-
ment is provided in the Supplementary Information (see section 12.3.1). 
7.4 RESULTS AND DISCUSSION 
In the present study, we identified 24,968 DDAs/I-DLs across the Himalaya. I-DLs and DDAs 
accounted for ~65% (n = 16,334) and ~35% (n = 8,634) of the total identified landforms, re-
spectively, based on upscaled estimates (Table 7.1). Approximately 40% (n = 10,060) of the 
identified landforms are located in the Central Himalaya, ~30% (n = 7,573) in the East Himalaya 
and ~29% (n = 7,335) in the West Himalaya (Figure 7.3; Table 7.1). The mean density (n km⁻²) 
of DDAs/I-DLs, when considering terrain ≥3,225 m a.s.l. (i.e. the lowest MEF of sampled land-
forms), ranges from 0.06 (West Himalaya) and 0.08 (East Himalaya/Central Himalaya). Across 
the Himalaya, I-DL mean density is 0.05 and DDA mean density is 0.02 (Supplementary Table 
12.3). Direct conversion of specific DDA/I-DL area (ha km⁻²) to specific DDA/I-DL density (%) 
enables comparison with previous studies. At 1.05%, specific landform density in the Himalaya 
is lower than other studies in HMA (Supplementary Table 12.3); for example, ~1.50% in the 
Northern Tien Shan (Kazakhstan/Kyrgyzstan) (Bolch and Gorbunov, 2014), 2.65% in the 
Zailyiskiy and Kungey Alatau (Kazakhstan/Kyrgyzstan) (Bolch and Marchenko, 2006) and 
3.40% in the Nepalese Himalaya (Jones et al., 2018b). However, as the Tibetan Plateau consti-
tutes a significant proportion of the terrain ≥3,225 m a.s.l., this may suppress the specific land-
form density values presented here. 
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Across the Himalaya, the sampled DDAs and I-DLs (n = 2,070) are situated within an elevation 
range of 3,225 to 5,766 m a.s.l. (MEF), with 87% found between 4,200 and 5,400 m a.s.l. This 
is broadly consistent with that previously reported for the HKH (3,554–5,735 m a.s.l.) (Schmid 
et al., 2015). At the regional-scale, mean MEFs for the East (4,949 ± 256 m a.s.l.), Central (4,863 
± 372 m a.s.l.) and West Himalaya (4,503 ± 422 m a.s.l.) demonstrate a decreasing westward 
trend in DDA/I-DL elevation across the Himalaya (Figure 7.4; Table 7.1). This trend remains 
consistent when considering DDAs and I-DLs separately (Table 7.1). Furthermore, similar to 
Schmid et al. (2015), we report a pronounced south-to-north increase in DDA/I-DL MEF across 
the Himalaya, with DDAs/I-DLs found several hundreds of metres higher on the northern 
slopes (Figure 7.4). As expected, across the Himalaya I-DLs are located at statistically higher 
elevations than DDAs when considering DDA/I-DL MEFs (ANOVA: F-value [2, 2064] = 16.19, p 
= <0.001); Tukey post hoc testing shows that this finding translates to the regional-scale (West 
Himalaya: Diff = 252, p = <0.001; Central Himalaya: Diff: 390, p = <0.001; East Himalaya: Diff = 
184, p = <0.001). Across the Himalaya, I-DLs are predominantly found above 4,800 m a.s.l. 
(65%) and DDAs below 4,800 m a.s.l. (67%). Furthermore, I-DLs are clustered between 4,400–
5,400 m a.s.l. (84%) and DDAs between 4,200–5,200 m a.s.l. (79%). This result provides vali-
dation for the dynamic status classification, given the expected vertical progression of suitable 
habitats for I-DL development and persistence linked to climatic warming since the LIA.
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Across the Himalaya, DDAs/I-DLs are primarily situated on north-facing slopes (NW, 17%; NE, 
16%; N, 16%). Furthermore, the mean aspect of DDAs/I-DLs shows that they cluster around 
north-western slopes (?̅? = 321°). Regionally, a greater proportion of I-DLs are situated within 
the northern (40–57%) compared to the southern quadrant (20–32%). Similarly, DDAs are also 
predominantly located within the northern (57–62%) compared to the southern quadrant 
(13–19%) (Supplementary Table 12.4). Circular variance indicates that DDAs have lower dis-
persal (0.39) than I-DLs (0.20), with proportionally more DDAs located on northerly slopes 
compared to I-DLs. In addition, across the Himalaya I-DLs/DDAs situated within the northern 
aspect quadrant occur at lower elevations than those found within the southern aspect quad-
rant (Figure 7.5). Figure 7.5 also illustrates the clustering of DDAs/I-DLs around northerly as-
pects. The results presented here corroborate the findings of other northern hemispheric 
studies, which have detailed similar relationships (e.g., Ishikawa et al., 2001; Seppi et al., 2012; 
Scotti et al., 2013; Baral et al., in press). Therefore, it is reasonable to assume that northerly 
aspects with their reduced solar insolation, enable I-DL formation and preservation at lower 
elevations than other aspects, in particular, southerly aspects. 
 
Figure 7.5. Scatterplot of mean aspect (°) against MEF showing the distribution of intact (I-DLs) and relict (DDAs) 
landforms across the Himalaya. The two dashed lines are 3rd order polynomial fit (upper line: intact landforms; 
lower line: relict landforms). 
The sampled landforms (n = 2,070) across the Himalaya cover a total surface area of 359.95 
km² with I-DLs constituting 277.78 km² and DDAs 82.18 km², ~77% and ~23% of the total cov-
erage, respectively. Total DDA/I-DL surface coverage is largest in the Central Himalaya (278.70 
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km²), succeeded by the West Himalaya (53.76 km²) and East Himalaya (27.50 km²). Here, 
when reporting DDA/I-DL sample totals, it is important to note the proportionally larger sam-
ple size for the Central Himalaya, which is the result of the amalgamation of the database 
presented here with the existing systematic rock glacier inventory for the Nepalese Himalaya 
(Jones et al., 2018b) (see section 12.3.1). Correspondingly, the mean and median surface area 
is greatest in the Central Himalaya (?̅? = 0.21 km² and ?̃? = 0.12 km²) followed by the West and 
East Himalaya (Table 7.1). Considered individually, the largest I-DL (3.54 km²) and DDA (1.50 
km²) are both located in the Central Himalaya. Across the Himalaya, the area of individual 
sampled landforms varies between 3.54 km² and 0.004 km², with 1,069 landforms ≥0.1 km² 
in area. Onaca et al. (2017) speculate that rock glaciers in the highest mountain ranges are 
comparatively larger than those situated in lower mountain ranges, linked to the longevity of 
active dynamic status. Additionally, given the importance of debris-supply to rock glacier de-
velopment and persistence, Hewitt (2014, p. 276) notes that as interfluve height increases, 
more and larger rock glaciers are likely below it. In the high and deeply incised ranges of the 
Himalaya (Scherler et al., 2011), it is reasonable to assume that these topographic factors have 
considerable influence on DDA/I-DL size. Here, we report that several DDAs/I-DLs have similar 
areal coverage to the largest examples found elsewhere; for example, 1.95 km² (Bolch and 
Gorbunov, 2014) and 3.60 km² (Blöthe et al., 2019) in Central Asia. Furthermore, DDA/I-DL 
area (?̅? = 0.17 km²) exceeds that of rock glaciers found in other mountain ranges globally (cf. 
Jones et al., 2018a). In the Himalaya, estimated total upscaled DDA/I-DL area is 3,747 km², 
representing ~16% of the area covered by glaciers in the same region (22,829 km²). At the 
regional-scale, DDA/I-DL coverage ranged between 550.87 km² and 2,109.63 km² in the East 
and Central Himalaya, respectively. 
The results presented in Supplementary Table 12.5 show that the sampled I-DLs contain an 
estimated WVEQ of 5.19 ± 1.04 km³ throughout the Himalaya. The reported upscaled esti-
mates suggest that total WVEQs of 51.80 ± 10.36 km³ could reasonably be stored within I-DLs 
in our study area (Supplementary Table 12.5; Figure 7.3). Henceforth, I-DL volumetric results 
will reflect the format sample result (upscaled result). Regionally, the WVEQ of I-DLs ranges 
from 0.25 ± 0.05 km³ (5.06 ± 1.01 km³) in the East Himalaya to 4.20 ± 0.84 km³ (31.80 ± 6.36 
km³) in the Central Himalaya.  
Across the Himalaya, glacier WVEQ is estimated to be 1,272 km³ (Frey et al., 2014; Table 7.2). 
This translates to a ratio of I-DL to glacier WVEQ of 1:244, indicating that glaciers store a 
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volume of water ~244 times larger than I-DLs. However, this ratio decreases to 1:24, where 
upscaled I-DL WVEQs are considered. Regionally, the I-DL to glacier WVEQ ratios range from 
1:851 (1:42) in the East Himalaya to 1:131 (1:17) in the Central Himalaya.  
Table 7.2. WVEQs (km³) for I-DLs (sampled and upscaled) and ice glaciers, regionally and across the Himalaya (to-
tal). Additionally, the I-DL to ice glacier ratios are directly compared. I-DL WVEQs assume the 50% (average) ice 
content by volume. Values are reported to two decimal places. Ice glacier WVEQ data are derived from Frey et al. 
(2014) 
Region 
Ice-debris landform Ice glacier 














E – Himalaya 0.25 5.06 3,946.00 215.00 1:851 1:42 
C – Himalaya 4.20 31.80 9,940.00 553.00 1:131 1:17 
W – Himalaya 0.74 14.94 8,943.00 504.00 1:681 1:33 
Total 5.19 51.80 22,829.00 1,272.00 1:244 1:24 
 
The estimated glacier ice volumes that the WVEQ are based upon were calculated using the 
GlabTop2 ice-thickness distribution model (Frey et al., 2014). However, in the Himalaya glacier 
WVEQ ranges between 1,237 and 1,909 km³ depending on the choice of method used to es-
timate glacier volume (ibid.). For the different methods I-DL to glacier WVEQ ratios for the 
Himalaya varied between 1:23 and 1:36 (Table 7.3). Regardless of the method chosen, across 
the Himalaya I-DLs constitute hydrologically valuable long-term water stores. 
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We have presented the first systematic inventory of DDAs/I-DLs for the Himalaya and shown 
that there are approximately 25,000 DDAs/I-DLs, with an areal coverage of ~3,747 km². This 
is the most extensive systematic inventory (in terms of total DDA/I-DL number and areal cov-
erage), conducted globally to date. A sample (n = 2,070) of the identified landforms analysed 
regionally (West Himalaya, Central Himalaya, East Himalaya) and across the Himalaya showed 
that the majority of these landforms (~65%) were I-DLs (i.e. intact) and the remainder as DDAs 
(i.e. relict). Upscaling to the wider region, I-DLs were estimated to contain a WVEQ of 51.80 ± 
10.36 km³ of water; equivalent to between 41 and 62 trillion litres. The comparative im-
portance of I-DLs vs glaciers (I-DL to glacier WVEQ ratio) in the Himalaya was 1:24, ranging 
from 1:42 to 1:17 in the East and Central Himalaya, respectively. Additionally, for the first time 
we evaluate the influence of glacier model choice on I-DL to glacier WVEQ ratios. Across the 
Himalaya I-DL to glacier WVEQ ratios ranged between 1:23 (slope-dependent thickness esti-
mation) and 1:36 (V-S scaling relation [LIGG et al., 1988]). We conclude that I-DLs within the 
Himalaya constitute hydrologically valuable long-term water stores and given continued cli-
matically-driven glacier recession and mass loss the relative hydrological value of I-DLs in 
mountain regions will likely become increasingly important. Prior to this study, knowledge of 
Himalayan-wide DDA/I-DL characteristics were missing, and so our work provides the first sci-
entific baseline from which Himalayan-wide I-DL response to climate change can be assessed. 
Furthermore, this knowledge is important given the potential influence of DDAs/I-DLs upon 




 ROCK GLACIERS AND THE GEOMORPHOLOGICAL EVOLUTION OF DEGLACIERIZING 
MOUNTAINS 
8.1 ABSTRACT 
Rock glaciers are an important geomorphic element of glaciated mountain landscapes, but 
our understanding of their distribution and ages, controls on their development, and their 
importance in regional mountain hydrology and mountain geomorphic evolution is incom-
plete. In part, this incomplete knowledge arises through problems associated with identifying 
rock glaciers on a morphological basis alone, amplified by the multiple ways in which rock 
glaciers can form in different glacial, periglacial, and paraglacial settings. This study focuses on 
rock glaciers as a paraglacial mountain landscape element and considers the relationships be-
tween rock glaciers and glacial, periglacial, and paraglacial processes. New geomorphic and 
sedimentary data on different rock glaciers from the Khumbu region of Nepal are presented. 
These data show that even within a single region, rock glaciers may have varied origins and 
thus likely ages and different climatic and environmental controls. We argue that rock glaciers 
in deglacierizing mountains may have a long residence time in the landscape, unlike many 
other glacially influenced mountain landforms, and can undergo significant morphodynamic 
changes as glaciated landscapes transition into paraglacial landscapes.
8.2 INTRODUCTION 
Despite much recent research (e.g., Brenning, 2005b; Rangecroft et al., 2015; Jones et al., 
2018b), the role of rock glaciers in the hydrology and morphological evolution of deglacierizing 
mountains remains poorly known. In part, this arises from limitations of the different ways in 
which rock glaciers have been identified, measured, and monitored (Hamilton and Whalley, 
1995; Roer and Nyenhuis, 2007; Dall’Asta et al., 2017; Deluigi et al., 2017; Kenner et al., 2018). 
Remote sensing-based methods are not always able to clearly resolve differences between 
rock glaciers, debris accumulations such as rockfalls, and glacial moraines (Kenner, 2014; 
Wang et al., 2017); and the issue of mimicry and equifinality applies, especially in the case of 
rock glaciers (Jarman et al., 2013). In addition, individual studies have not always used con-
sistent methodologies, thus making it difficult to compare results between different areas. 
Any remote sensing methodology largely depends on the data sets used and their resolutions 
(spectral and temporal), and this has hindered comparability between studies. Field-based 
methods of quantifying rock glacier properties, their morphometry, and spatial patterns (e.g., 
Martin and Whalley, 1987; Humlum, 1996; Ikeda and Matsuoka, 2006) are time-consuming 
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and expensive; and many mountain regions globally have not been examined in the field by 
geomorphologists, although numerous inventories from individual mountain blocks have 
been produced (e.g., Lilleøren and Etzelmüller, 2011; Krainer and Ribis, 2012; Scotti et al., 
2013; Rangecroft et al., 2014; Falaschi et al., 2015; Onaca et al., 2017). As a result, rock glaciers 
remain one of the most poorly understood mountain landforms (Berthling, 2011). This is par-
ticularly the case for relict rock glaciers whose age, controls, and longevity are difficult to eval-
uate and whose evolution is difficult to reconstruct. Recent work has discussed the relation-
ship of rock glaciers to paraglacial (landscape relaxation) processes following deglaciation 
(Knight and Harrison, 2018) and calculated the water balance and water mass budgets of rock 
glaciers (Krainer and Mostler, 2002). Other recent work has examined the morphometry, in-
ternal properties (Roer and Nyenhuis, 2007; Onaca et al., 2013; Emmert and Kneisel, 2017) 
and dynamic behaviour of rock glaciers (Konrad et al., 1999; Ødegård et al., 2003; Janke, 
2005a; Jansen and Hergarten, 2006; Serrano et al., 2010; Müller et al., 2016; Anderson et al., 
2018), their sediment sources and transport capacity (Barsch and Jakob, 1998; Humlum, 2000; 
Humlum et al., 2007), and hydrology (Schrott, 1996; Krainer and Mostler, 2002; Geiger et al., 
2014; Rangecroft et al., 2015). Despite these varied foci of rock glacier research, the relation-
ships of rock glaciers to other mountain landforms, and their evolution over time and space 
are still poorly known, conceptually and in field contexts (Johnson, 1983; Janke et al., 2015; 
Knight and Harrison, 2018). This study contributes to this emerging debate on rock glaciers 
and their morphodynamic significance in deglacierizing mountains by considering (i) the rela-
tionships of rock glaciers to glacial, periglacial, and paraglacial environments and processes 
and (ii) specific examples of rock glaciers in the Nepalese Himalaya that illustrate the varied 
geomorphic settings in which they can develop and with implications for long-term mountain 
landscape evolution. A key conclusion of this study is that not all rock glaciers exhibit the same 
sensitivity to climate forcing, depending on their genetic origin(s), and that glaciological vs 
slope vs climatic controls on rock glacier evolution vary through the rock glacier life cycle. This 
means that different rock glaciers cannot be compared uncritically to one another or used as 
equivalent sources of information when it comes to comparing the geomorphology or climatic 
evolution of different mountain regions worldwide. 
8.3 METHODOLOGY AND APPROACH 
The first part of this study is conceptual and is based upon a critical analysis of previous work 
on rock glaciers, supplemented by observations by the authors from active and relict rock 
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glaciers worldwide, including in Europe, South America, and the Himalayas. The second part 
of this study is based on new remote sensing and field evidence from the Khumbu area of the 
Nepalese Himalaya, which focuses on mapping the distribution and extent of rock glaciers in 
the region and on understanding the relationship between debris-covered glaciers and rock 
glaciers based on their formational setting and geomorphic and sedimentary properties. Rock 
glacier mapping was achieved using fine spatial resolution satellite image data accessed 
through Google Earth. Platforms used were SPOT, QuickBird, Worldview-1, Worldview-2, and 
IKONOS. Geomorphic mapping was done mainly by onscreen digitising and verified during 
fieldwork (Jones et al., 2018b). The context for the second part of this study is the critical in-
terplay between glacial, periglacial, and paraglacial (rockfall sediment supply) processes in the 
development and dynamics of rock glaciers in this region (e.g., Scherler et al., 2011; Jones et 
al., 2018b), which are in turn critical for regional water supply and geohazard risk (Immerzeel 
et al., 2010; Kraaijenbrink et al., 2017). 
8.4 ROCK GLACIERS: ENVIRONMENTAL DOMAINS AND EVOLUTIONARY RELATIONSHIPS 
The different origins of rock glaciers have been debated for several decades (e.g., Barsch, 
1977; Martin and Whalley, 1987; Berthling, 2011). Many rock glaciers can be viewed as poly-
genic landforms formed mainly during ice retreat (deglacial) phases in deglacierizing moun-
tains, although they are also known to form in nonglacial, periglacial environments (Hamilton 
and Whalley, 1995). As a result, several different classification schemes of rock glaciers have 
been identified based on their morphology, dynamic behaviour, geomorphic setting, or some 
combination of these properties (Martin and Whalley, 1987; Hamilton and Whalley, 1995). 
For example, Johnson (1984) classified rock glaciers into simple glacial and nonglacial types, 
influenced by high magnitude geomorphic events. Giardino and Vitek (1988) identified rock 
glaciers as transitional landforms of glacial or periglacial types, evolving from debris from glac-
iers or slopes, and evolving to moraines and slope deposits, respectively. Janke et al. (2015) 
classified rock glaciers into three types, derived from variations in ice content evaluated using 
remote sensing methods. In summary, different rock glacier classification schemes exist, but 
these are usually mutually exclusive, applied to only a single area or region, and examine dif-
ferent combinations of physical or dynamical properties. To better integrate these ideas to-
gether, Table 8.1 shows examples of rock glaciers formed in different environmental domains 
or formed or controlled by a set of processes associated with that particular environmental 
domain. Although largely polygenic, most rock glaciers reported in the literature are 
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dominated by certain sets of processes, which may reflect their evolutionary history or domi-
nant regional climate regime (Giardino and Vitek, 1988). The classification scheme adopted 
here builds from Humlum (1988), who distinguished between rock glaciers of dominantly gla-
cial origin (controlled by snow accumulation) and periglacial origin (controlled by ground tem-
perature) (e.g., Ishikawa et al., 2001). Here, we add a further category, which describes rock 
glaciers of dominantly paraglacial origin, controlled by increased slope sediment supply during 
regional deglaciation. Rock glacier development in these three different environmental do-
mains is now examined. 
Table 8.1. Examples of rock glaciers that have formed from a certain dominant overall environmental domain or 
set of processes associated with that environmental domain. 
Dominant genesis Example location Reference 
Glacial (by debris burial 
of glacial ice) 
Yukon, USA (Johnson, 1980) 
Stubai Alps, Austria (Krainer and Mostler, 2000) 
Upper Valtellina, Italian Alps (Guglielmin et al., 2004) 
Tröllaskagi, Iceland (Lilleøren et al., 2013) 
Andes, central Chile (Monnier and Kinnard, 2015b) 
Andes, central Chile (Janke et al., 2015) 
Periglacial (by develop-
ment of permafrost) 
Vanoise Massif, French Alps (Monnier et al., 2013) 
Ötztal Alps, Italian Alps (Krainer et al., 2015) 
Paraglacial (by develop-
ment of talus slope de-
posits) 
Yukon, USA (Johnson, 1984) 
West Greenland (Humlum, 2000) 
Sierra Nevada, USA (Millar et al., 2013) 
Svalbard (Hartvich et al., 2017) 
 
8.4.1 GLACIAL ORIGINS 
Rock glaciers can be formed at a valley glacier terminus by upward shearing of subglacial sed-
iments followed by ice stagnation; coverage of the ice surface by supraglacial debris derived 
from valley sides; ice stagnation and downwasting leading to increased sediment concentra-
tion within the remaining ice; and by transformation of ice-cored moraines by mass move-
ments or melting of internal ice, resulting in increased sediment concentration. Rock glaciers 
therefore usually develop at the onset of glacier retreat or stagnation, and at the front of val-
ley glaciers, and are thus found in particular temporal and spatial contexts. In this environ-
mental setting, rock glaciers mimic a valley glacier terminal moraine. Notably, rock glaciers do 
not develop at the termini of larger ice caps or ice sheets, largely because of a lack of adequate 
sediment supply. In the NW European Alps, glacier-derived rock glaciers have developed as a 
result of rockfalls onto steep glacier surfaces, and this is confirmed by ERT profiles (Bosson 
and Lambiel, 2016). Here, ablation rates beneath the debris cover are around 40 times lower 
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than on adjacent debris-free areas of the glacier surface, amplifying rock glacier response un-
der conditions of climate warming and glacier thinning. Similar patterns are observed in east-
ern Nepal, where rock glaciers have evolved from inactive glaciers, particularly at the transi-
tion zone to discontinuous permafrost (Ishikawa et al., 2001). In the Andes of central Chile, 
the transition from glaciers to rock glaciers is dependent on supraglacial debris thickness, and 
thus the morphodynamic distinction between these types is related to whether surface debris 
has vertical and horizontal velocities different to those of the underlying glacier (Janke et al., 
2015). This definition of a glacial ice-derived rock glacier also holds for examples in the Yukon, 
USA (Johnson, 1980). 
8.4.2 PERIGLACIAL ORIGINS 
The most common genetic origin reported for rock glaciers globally is in association with the 
periglacial environmental domain and linked to the development, maintenance, and seasonal 
dynamics of permafrost and the AL. Many studies suggest that the lowermost altitudinal limit 
of rock glaciers coincides with the lowermost altitude of permafrost within that mountain 
massif (e.g., Krainer and Ribis, 2012; Bolch and Gorbunov, 2014; Rangecroft et al., 2014; 
Sattler et al., 2016; Esper Angillieri, 2017) and that this is a deterministic relationship whereby 
rock glacier distribution can be used as a proxy for permafrost distribution and vice versa (e.g., 
Uxa and Mida, 2017). Although not helpful as an approach and based on circular reasoning, 
this relationship also alludes to the role of seasonal development of the AL in the dynamics of 
rock surface features, including the development and flow velocities of furrows and lobes 
(Kääb and Weber, 2004; Haeberli et al., 2006; Frehner et al., 2015). These features have been 
used as a diagnostic indicator of the presence of ice-rich permafrost within the rock glacier 
body. GPR and ERT methods have also been used to image and map subsurface permafrost 
bodies within the rock glacier. These methods can highlight the internal permafrost surface, 
variations in permafrost/snow temperatures and moisture, and debris concentrations (e.g., 
Isaksen et al., 2000; Hausmann et al., 2012; Monnier et al., 2013). Radiocarbon dating of plant 
macrofossils within the permafrost core of a rock glacier in the Ötztal Alps, Italy, shows that 
at 23.5 m depth, the permafrost is 8,960 years old; whereas, at 2.8 m depth it is 2,240 years 
old (Krainer et al., 2015). However, the presence of variable ice fabrics and shear planes within 
rock glacier bodies (e.g., Isaksen et al., 2000; Bucki and Echelmeyer, 2004; Krainer and 
Mostler, 2006) means that such chronologies cannot be used uncritically in this instance to 
infer that the rock glacier is of early Holocene age or that it has existed in the same state during 
this time period. Changes in the position of fixed points on the rock glacier surface have been 
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used as a method to track horizontal and vertical displacements of the rock glacier over time 
(e.g., Whalley et al., 1995; García et al., 2017). Depending on the sampling interval, this 
method can show seasonal variations in rock glacier surface morphologies that can inform on 
permafrost AL dynamics (Kellerer-Pirklbauer and Kaufmann, 2012). In addition to rates of sur-
face flow determined by internal deformation of permafrost ice, slower or faster surface rates 
can be described based on compression and extension respectively within the rock glacier 
body (Kääb and Weber, 2004). Bucki and Echelmeyer (2004) suggested that higher and more 
variable rates of rock glacier surface velocities may be caused by the ice-rock mixture present. 
The reason for this is that ice and rock have different thermal and compressive strength prop-
erties and thus can become disaggregated during differential three-dimensional flow that pro-
motes internal deformation of the rock glacier body (Humlum, 1997). There is also differential 
movement within and between snow/ice units of different origins and rheologies (Haeberli et 
al., 2006). 
8.4.3 PARAGLACIAL ORIGINS 
Rock glaciers can develop in a paraglacial context where rockfalls, rockslides, and other mass 
movement processes taking place on bedrock outcrops or on steep slopes can contribute ma-
terial to debris piles located at the outcrop foot. This debris can also be detached by periglacial 
frost wedging. The debris can be included within snowbanks or onto dead glacier ice or per-
mafrost located at the slope foot, which can ultimately lead to the formation of a rock glacier 
of dominantly paraglacial origin. The role of rockfalls and other mass movements to rock glac-
ier formation has been identified in particular high-relief mountains with narrow valleys (e.g., 
Johnson, 1984; Hartvich et al., 2017) and where constricted valley glaciers are undergoing 
rapid downwasting in response to climate change. The relative timing of rockfall and other 
mass movement events in such settings has commonly been reconstructed using Schmidt 
hammer exposure dating (Hedding, 2016; Hartvich et al., 2017) or cosmogenic dating meth-
ods (Çiner et al., 2017; Winkler and Lambiel, 2018). In some regions, sediment supply rates by 
mass movements are strongly affected by slope aspect, in which slopes with a greater diurnal 
temperature regime result in higher weathering and sediment supply rates (Johnson et al., 
2007; Nagai et al., 2013). In turn, this should result in distinctive spatial patterns of rock glacier 
distributions that correspond to paraglacial slope sediment supply – Nagai et al. (2013) re-
ported that southwest-facing slopes in the Bhutan Himalaya are most strongly associated with 
glaciers with high frost shattering-derived debris accumulations. In other sites where parag-
lacial rockfalls dominate debris supply to valley bottoms, rock glacier distribution reflects the 
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orientation of steep rock walls that are shedding rock debris. The large size and angularity of 
much debris derived from slope processes mean that paraglacial rock glaciers have surface 
debris that is potentially coarser when compared to rock glaciers that have other origins. Here, 
the paraglacial rock glaciers have a steeper frontal slope and exhibit lower velocities of move-
ment when compared to other rock glacier types. Further, as paraglacial rock glaciers are usu-
ally backed by a steep backwall sediment source, they may evolve over time by forward move-
ment of the rock glacier front (rock glacier thinning) or by increased sediment supply (rock 
glacier thickening). Several studies have been concerned with the processes of in situ wa-
ter/ice accumulation in the pore spaces of coarse rockfall/talus debris. This can take place by 
spring-fed water supply at the talus slope base, infiltration by snowfall, or advective cooling 
and associated moisture freezing within the debris body (Krainer and Mostler, 2002, 2006; 
Millar et al., 2013; Kellerer-Pirklbauer et al., 2015; Popescu et al., 2017). 
8.4.4 DEVELOPING A MODEL FOR ROCK GLACIER EVOLUTION 
Rock glaciers are equifinal landforms inasmuch as they can develop as a consequence of gla-
cial, periglacial, and paraglacial processes, individually or in combination. Based on the fore-
going discussion of different rock glacier types and their properties, a genetic classification 
model can be proposed to describe the corelationships between different controls on rock 
glacier origin and evolution (Figure 8.1). This typological model shows that rock glaciers of 
glacial origin are mainly controlled by water availability, those of periglacial origin by temper-
ature and those of paraglacial origin by sediment supply. Although this is a nonexclusive clas-
sification and links exist between these process domains, the model can also show the differ-
ent evolutionary pathways undertaken by individual rock glaciers described in the literature 
(Figure 8.1). For example, pathway 1 corresponds to rock glacier development by increased 
debris content at a stagnating glacier margin, by subglacial thrusting or supraglacial debris ac-
cumulation, or by transformation of an ice-cored moraine. Pathway 2 corresponds to a situa-
tion where the footslope of a talus cone or scree increases its water content over time by 
water percolation and freezing or by interstitial snow accumulation. Pathway 3 corresponds 
to a situation where buried glacier ice transforms into a seasonal AL where there is high 
enough interstitial moisture content to allow for seasonal meltwater advection through the 
debris layer. In sum, several different evolutionary pathways are theoretically possible, and 
individual examples of rock glaciers of these types have been described from the literature 
from different mountain blocks and climatic/glaciological settings worldwide. What remains 
unclear, however, is whether rock glaciers from a single region display such evolutionary 
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diversity. It is important to answer this question because it is generally assumed that rock 
glaciers from a single region – displaying broadly the same climatic, geologic, and glacial con-
ditions – will have the same controls on their development. We now test this assumption 
against field data from a single region of the Nepalese Himalaya where large numbers of rock 
glaciers of different shapes and sizes have been mapped from remote sensing and field ob-
servations. 
 
Figure 8.1. Ternary diagram illustrating a conceptual classification of different rock glacier types according to their 
dominant modes of origin. Evolutionary pathways 1–3 are discussed in the text. 
8.5 ROCK GLACIERS IN THE HIMALAYAS: THEIR CLASSIFICATION AND EVOLUTION 
In the Himalayas, rock glaciers have been widely observed; and their physical characteristics 
can be used to test a model of formation in dominant glacial, periglacial, or paraglacial set-
tings. For example, Iwata et al. (2003) discussed a range of periglacial evidence from N and 
NW Bhutan that is related to the presence of permafrost and rock glaciers. They identified 
rock glaciers that have glacial or periglacial origins, and that may be either active or relict. Of 
these, only 9% (3) had glacial origins, the majority being periglacial. Most were active, but 22% 
(7) were deemed inactive (relict). Several studies have produced rock glacier inventories in 
different sectors of the Himalayas (e.g., Shroder et al., 2000; Ishikawa et al., 2001; Jones et al., 
2018b). These studies do not show a simple distinction by height or aridity gradient, suggest-
ing that the distribution of rock glaciers as a whole is not controlled by the current climate 
regime but broadly reflects antecedent conditions (Sorg et al., 2015). Previously mapped rock 
glaciers in the region may also have been misinterpreted (Fort, 2003). The suggestion that 
active rock glaciers represent the lowermost limit of permafrost (e.g., Iwata et al., 2003) is a 
circular argument and must be discarded in terms of evaluating rock glacier origins.  
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Several phases of glaciation during the late Quaternary took place in the Khumbu Himal study 
area of eastern Nepal, with the most recent glacier retreat and moraine formation around the 
Khumbu Glacier and adjacent glaciers taking place around 1,000–1,200 y BP, known as the 
Lobuche Stage (Richards et al., 2000). Alluvial fans and terraces located <5 km down the 
Khumbu Glacier valley have been dated by the cosmogenic method to different intervals at 
16, 12, 8, 4, and 1.5 ky BP, corresponding to different phases of ice retreat (Barnard et al., 
2006). The precise age of development of rock glaciers in the region is uncertain due to lack 
of exposure dating (e.g., Benn and Owen, 2002; Zech et al., 2009), but they likely correspond 
to these periods of ice retreat and land surface exposure. The Khumbu Glacier has experi-
enced an increase in debris content in recent years at the glacier terminus (Nakawo et al., 
1999).  
In the Khumbu Himal region, rock glaciers have been extensively mapped using a combination 
of remote sensing and field mapping. The major properties of these rock glaciers and their 
genetic origins have been examined in several studies (e.g., Barsch and Jakob, 1998; Iwata et 
al., 2003). Other studies have also been concerned with the surface debris content and distri-
bution on valley glaciers in the region, with the purpose of identifying variations in spatial pat-
terns of debris content over time (e.g., Nakawo et al., 1999; Hambrey et al., 2008; Rounce and 
McKinney, 2014; Rowan et al., 2015; Schauwecker et al., 2015). In summary, the Khumbu re-
gion contains many rock glaciers of different types (Jones et al., 2018b); however, there is a 
lack of information on their detailed geometric, morphological and sedimentary properties 
that can inform on rock glacier origin. New evidence of rock glacier distribution and properties 
in this region is now presented, based on original fieldwork and supplemented by spatial data 
analysis from remote sensing.  
A number of rock glacier examples are found within the Khumbu Himal region (Figure 8.2). In 
the field, Pokalde rock glacier (PO), Lingten rock glacier (LI), and Chola debris-covered glacier 
were investigated in detail. The Lingten rock glacier is located at ~4,940 m asl and extends 
from talus slopes beneath a high (~400–500 m), steep headwall (Figure 8.2d). The rock glacier 
has a steep (>30–35°), high (>30–40 m) and sharp-crested frontal slope, light-coloured frontal 
slope that suggests little clast weathering, and no vegetation cover (Figure 8.3a). These char-
acteristics suggest that the upper lobes contain frozen material and are seasonally active. Con-
versely, the lowermost lobe has extensive vegetation cover with boulders that are weathered 
and lichen-covered, indicating long-term stability (i.e., the rock glacier contains no ice). Lingten 
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rock glacier has an AL composed of blocky matrix-free boulders (Figure 8.3b) and thus can be 
termed a ‘bouldery rock glacier’ according to Ikeda and Matsuoka’s (2006) classification. Ad-
ditionally, large, angular rockfall debris (Figure 8.3c) and perched boulders are commonly pre-
sent. Previously, Regmi (2008) classified Lingten rock glacier as a periglacial feature based on 
remote sensing data; however, its morphological and debris characteristics suggest that it has 
a paraglacial origin. Within this region, only Dughla rock glacier (DU) was classified as having a 
periglacial origin. Previous studies show that this rock glacier is active with an average velocity 
of 4.0 to 8.5 cm y⁻¹ and this is reflected in its 35–40° steep frontal slope (Jakob, 1992; Barsch 
and Jakob, 1998).  
 
Figure 8.2. Khumbu Himal, Nepalese Himalaya. (a) Google Earth satellite image (11 March 2009) of rock glaciers 
and other features situated in the Khumbu valley. Values (m a.s.l.) reflect the elevation of rock glacier termini. The 
dominant environmental domain is also detailed for each rock glacier. A transitional feature (Chola glacier) is also 
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delineated. For the distribution of moraines and alluvial fans around the Khumbu Glacier terminus, please refer to 
Barnard et al. (2006). Annotated photographs of (b) Chola glacier; (c) Pokalde rock glacier (PO); (d) Lingten rock 
glacier (LI); (e) examples of rock slope failure and LIA moraine collapse, likely resulting from debuttressing follow-
ing Khumbu glacier downwasting. Kongma rock glacier is also depicted (photos: D.B. Jones)  
 
Figure 8.2. (continued). 
The hitherto unnamed Pokalde rock glacier is a glacier-derived rock glacier, thus is of glacial 
origin, located at ~5,030 m a.s.l. with a west-facing aspect (Figure 8.2c). Rock glacier morphol-
ogy (e.g., relatively flattened rock glacier body and gently sloping front of <30°) and minor 
vegetation cover suggests that the Pokalde rock glacier contains frozen material but displays 
no contemporary movement. The clean Pokalde Glacier is situated immediately upslope of 
this rock glacier and has receded considerably in recent years. Paraglacial processes are evi-
dent in the vicinity of the rock glacier (see Figure 8.2c) with angular (and occasionally large) 
perched boulders resulting from rockfall (Figure 8.4). While Pokalde rock glacier has devel-
oped in a glacial process domain, this evidence suggests paraglacial processes may have also 
sustained the rock glacier. Large scale rock slope failures, suggesting paraglacial relaxation of 
entire slopes (rather than the individual detachment of frost-wedged blocks), are also rec-
orded nearby (Figure 8.2e).  




Figure 8.3. Ground views of Lingten rock glacier surficial characteristics including (a) the steep, high, sharp-crested 
and vegetation-free frontal slope indicating an active rock glacier; (b) the large blocky clasts forming the AL; (c) 
evidence of large rockfall-derived debris. Note also the high headwalls in the image background (photos: D.B. 
Jones). 




Figure 8.4. Paraglacially-driven rockfall evidence beneath Pokalde rock glacier. (a) Angular, large debris with 
smaller clasts in the background suggesting a degree of fall sorting; (b) perched boulders (photos: D.B. Jones). 
The most conspicuous geomorphological expressions of glacier-rock glacier relationships are 
large composite landforms that form as debris-covered glaciers and then transition into rock 
glaciers (e.g., Ribolini et al., 2007; Emmer et al., 2015; Janke et al., 2015; Monnier and Kinnard, 
2015b, 2017; Seppi et al., 2015). Geomorphological field surveys suggest that the tongue of 
Chola debris-covered glacier (Figure 8.2b) is transitioning to a glacier-derived rock glacier. Sim-
ilar to the Presenteseracae debris-covered glacier in the Chilean Andes (Monnier and Kinnard, 
2015b), the Chola debris-covered glacier has developed a characteristic rock glacier morphol-
ogy (i.e., a spatially coherent furrow-and-ridge surface morphology) in its lowermost part. Ad-
ditionally, the surface is characterised by very large (>4 m), angular boulders and a thick debris 
layer, indicating movement to the snout of rockfall-derived material (Figure 8.5). Such evi-
dence of paraglacial processes suggests that glacier-rock glacier composite landforms in at 
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least part of the Himalayas are the product of glacial and paraglacial environmental domains 
(cf. Scherler et al., 2011; Nagai et al., 2013; Govindha Raj, 2017). 
 
Figure 8.5. Ground-based view of the lowermost part of the Chola debris-covered glacier (photo: D.B. Jones). 
Geomorphological mapping of rock glaciers in the Khumbu region can be supplemented by 
clast analysis of their constituent debris as a tool to discriminate between rock glacier types. 
This is a useful methodology because clast shape properties can identify their source areas in 
glaciated environments and specifically can distinguish between subglacial and supraglacial 
debris sources (Lukas et al., 2013). Measurements of individual clasts can be used to derive 
the RA ratio (the percentage of angular and very angular clasts in any sample) and the C₄₀ 
index (the ratio of c/a-axis lengths ≤0.4). These are the two most useful parameters to distin-
guish clast source (Benn and Ballantyne, 1993). Results from the Khumbu region are pre-
sented in Figure 8.6. High RA and C₄₀ values are typical of unmodified clasts formed by peri-
glacial frost-shattering (Benn and Ballantyne, 1994). Notably, Pokalde rock glacier has signifi-
cantly lower values than the other two sites examined, with no overlapping geometrical prop-
erties (Figure 8.6e), suggesting a different sediment source and a stronger geological control 
on sediment supply. These sedimentary data in combination with the geomorphic properties 
and landform associations of the rock glaciers discussed above suggest that debris making up 
Chola glacier and Lingten rock glacier is derived from steep, frost-shattered bedrock slopes; 
whereas debris making up Pokalde rock glacier is glacier-derived. Thus, despite both having 
cores of glacial ice, Chola and Pokalde have very different debris sources.  




Figure 8.6. (a) Schematic ternary diagram, depicting axial ratios and clast end member states, and clast shape data 
from three sampled landforms: (b) Lingten rock glacier; (c) Pokalde rock glacier; and (d) Chola glacier. Abbrevia-
tions: n = number of clasts sampled; RA and C₄₀ are defined in the text. (e) Summary RA-C₄₀ bivariate scatterplot 
of the features sampled in situ. Envelopes (ellipses) reflect the 95% confidence interval of each data group. 
This summary of different rock glacier properties from the Khumbu region shows that – even 
within a small area with uniform climatic, glacial, and geologic conditions – a variety of rock 
glacier types and origins can coexist. In detail, the reasons for such variability relates to micro-
scale climatic variations caused by aspect; valley glacier width and bedrock slope (determining 
the likelihood of ice margin stagnation); antecedent conditions including whether glaciers or 
permafrost are growing or are in retreat; and proximity of the rock glacier to a potential rock-
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slope sediment source (rock wall height and distance) (e.g., Shroder et al., 2000; Ishikawa et 
al., 2001; Fort, 2003; Nagai et al., 2013; Jones et al., 2018b). 
8.6 DISCUSSION 
Rock glaciers are equifinal polygenic landforms and are key elements of the geomorphology 
of cold mountains worldwide, but the different evolutionary pathways by which rock glaciers 
develop remain unclear. This is particularly the case where rock glaciers in the same area, such 
as the Khumbu region, show different geometries and physical properties. The proposed clas-
sification of rock glaciers globally into broad glacial, periglacial, and paraglacial process do-
mains identifies three different rock glacier end-members (Figure 8.1). Within this, however, 
rock glaciers can evolve over time from one dominant process domain to another as a result 
of variations in sediment supply and climate (temperature and moisture availability) in com-
bination. This means that there are limitations to the extent to which rock glaciers can inform 
on regional climate variability, or stages of regional glacier retreat, given that their geometry 
and morphodynamics may be more strongly controlled by other factors, such as aspect and 
antecedent conditions. This highlights that previous analyses of rock glacier inventories may 
have little scope for speaking to any single overarching theory for rock glacier formation be-
cause they may have limited applicability outside of their region of origin. This also means that 
the presence of relict rock glaciers in a region cannot be used uncritically in palaeoclimate 
reconstructions.  
Studies of different rock glaciers from the Himalayas show their complex time evolution and 
morphological relationships to glacial and slope (paraglacial) landforms and processes (e.g., 
Owen and England, 1998; Shroder et al., 2000; Ishikawa et al., 2001; Fort, 2003; Iwata et al., 
2003; Nagai et al., 2013; Sorg et al., 2015; Jones et al., 2018b). These varied controls mean 
that no one single evolutionary model applies to describe rock glaciers in this region. A better 
context for explaining their development is to consider them along the continua of variations 
in sediment supply and climate that drive their morphodynamic trajectory (Figure 8.1), and 
this approach can provide a classification and interpretative framework for all rock glaciers 
globally, irrespective of origin. By way of illustration, we have located on this model the exam-
ples described in the text from the Khumbu region (Figure 8.7). This suggested genetic classi-
fication of the different rock glaciers shows that they are of different types, that they do not 
have the same origins, drivers, and sensitivities and that this is of significance for evaluating 
the geomorphic evolution of deglacierizing mountains worldwide.  




Figure 8.7. Rock glaciers in the studied Khumbu region, Nepal, and their suggested positioning on the schematic 
ternary diagram presented in Figure 8.1. The likely evolutionary trajectory of Lingten rock glacier discussed in the 
text is shown by the grey arrow. 
The proposed evolutionary model of rock glacier development (Figure 8.7) also speaks to the 
evolution of rock glaciers through their varied life stages. This has not been adequately dis-
cussed in the literature. Although several studies identify rock glaciers as transient landforms 
found in deglacierizing terrain (e.g., Giardino and Vitek, 1988; Ballantyne, 2002a; Berthling, 
2011; Monnier and Kinnard, 2017; Knight and Harrison, 2018), these rarely expand upon what 
this means in practice. Relationships between the three rock glacier types according to their 
dominant mode of origin (Figure 8.1) can change over time and space. Upon deglaciation, 
water availability within the interstices of rock glacier debris decreases, following the trajec-
tory of the evolution of Chola debris-covered glacier illustrated in Figure 8.7. Thus, it may be 
that glacial- and periglacial-dominated rock glaciers transition to paraglacial types and that 
paraglacial rock glaciers can be considered as the final evolutionary stage of all rock glaciers in 
a deglacierizing mountain landscape. Despite these different rock glacier types, their temporal 
relationships, even within a single region, are uncertain; and there is no unidirectional trajec-
tory from one type to another. Cosmogenic dating of clasts on rock glacier surfaces can be 
problematic because surficial clasts could be added by episodic rockfall at any time (producing 
young or inherited ages), and cryoturbation of clasts within the rock glacier body can take 
place during its movement, exhuming older clasts from below (producing anomalously old 
ages) (Çiner et al., 2017). Also, any determination of rock glacier age cannot unequivocally 
inform on rock glacier origin. This is because glacier ice can exist within the rock glacier body 
long after the glacier itself has melted away (Monnier et al., 2013; Krainer et al., 2015); glacial 
and periglacial (permafrost) processes can coexist during the rock glacier's life; and periglacial 
CHAPTER 8: ROCK GLACIERS AND THE GEOMORPHOLOGICAL EVOLUTION OF DEGLACIERIZING MOUNTAINS 
177 
 
and paraglacially enhanced slope sediment yield can exist for thousands of years after degla-
ciation (Ballantyne, 2002b). 
8.6.1 GEOMORPHIC SENSITIVITY AND LANDSCAPE CHANGE IN DEGLACIERIZING MOUNTAINS 
Paraglacial relaxation of unstable rock slopes is increasingly being recognized as an important 
component of deglacierizing mountains (e.g., Ballantyne, 2002a, 2002b; McColl, 2012; Knight 
and Harrison, 2014b; Beniston et al., 2018). Paraglacial processes include large-scale rock 
slope failures as well as more localized rockfalls, landslides and debris flows. These contribute 
to high slope sediment yields accompanying ice retreat. This paraglacial response is important 
because it affects first mountain glaciers and, then, mountain rock glaciers.  
Studies show that Himalayan glaciers are experiencing increased debris cover and debris 
thickness as a result of increased recent slope sediment supply (Hambrey et al., 2008; Scherler 
et al., 2011; Rowan et al., 2015; Schauwecker et al., 2015; Lamsal et al., 2017). Surface debris 
can variously amplify or suppress glacier melting, leading to decreased or increased longevity 
of debris-covered glaciers respectively, and this affects the likelihood with which debris-cov-
ered glaciers can transition to glacial-derived rock glaciers and their resulting dynamics, in-
cluding any seasonal variations in surface morphological change (Hausmann et al., 2012). Ini-
tial high rates of ice melting under a thin debris cover can rapidly switch to low rates of melting 
if the ratio of debris to ice changes (Ikeda and Matsuoka, 2002; Anderson and Anderson, 
2018), and several studies have examined how surface debris thickness and grain size can in-
fluence the thermal regime of underlying ice (e.g., Humlum, 1997; Luethi et al., 2017; 
Anderson and Anderson, 2018). Changing spatial and temporal patterns of nonglacial (parag-
lacial) sediment supply can thus dramatically impact on glacier dynamics.  
A key property in determining the dynamics of rock glaciers is the relative proportions of rock 
and ice. The former has the greatest potential for variability because it depends on the avail-
ability of a sediment source (bedrock cliffs located above the rock glacier surface) and the rate 
of sediment supply (weathering rates, degree of slope instability). In almost all known cases, 
debris content increases rather than decreases over time at the onset of deglaciation (e.g., 
Glasser et al., 2016) because debris has lower mobility than water and because of the positive 
feedback effects that debris has on glacier thermal regime. As a consequence of increased 
debris concentration, many mountain glaciers worldwide are likely to transition to rock glaci-
ers, as is starting to happen at Chola debris-covered glacier (Figure 8.2b) and perhaps also at 
the snout of Khumbu glacier, which is becoming increasingly charged with debris (cf. Nakawo 
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et al., 1999). Rock glaciers are thus likely to become a more common mountain landform over 
coming decades/centuries, and their relative geomorphic stability as a latticework of angular 
debris means that they may have a long residence time in the landscape. Rock glaciers can, 
therefore, be viewed as an important extended paraglacial transient stage in mountain geo-
morphic evolution, between glacial and nonglacial endmembers (Cossart et al., 2017; Knight 
and Harrison, 2018). Notably, the key role of rock glaciers was not fully considered in previous 
models of paraglacial landscape change (e.g., Ballantyne, 2002a, 2002b). 
8.7 CONCLUSIONS 
This study shows that rock glaciers can develop under glacial, periglacial, and paraglacial envi-
ronmental process domains. Interactions exist between these process domains as deglacier-
izing mountain landscapes change over time, leading to different evolutionary pathways for 
different rock glaciers, even within the same region, as shown by examples of rock glaciers 
from the Khumbu region of Nepal. The role of rock glaciers in mountain landscape evolution 
has hitherto not been fully recognized, and this is a critical research gap given that studies are 
now showing that mountain glaciers in the Himalayas and Andes, in particular, are now tran-
sitioning to rock glaciers. It is likely that rock glaciers will become more numerous and more 
significant in terms of water and sediment storage as climate change proceeds through the 
twenty-first century. 
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 MOUNTAIN GLACIER-TO-ROCK GLACIER TRANSITION 
9.1 ABSTRACT 
In many of the world’s high mountain systems, glacier recession in response to climate change 
is accompanied by a paraglacial response whereby glaciers are undergoing a transition to rock 
glaciers. We hypothesise that this transition has important implications for hydrological re-
sources in high mountain systems and the surrounding lowlands given the insulating effects 
that debris cover can have on glacier ice. Despite this, however, little is known about how this 
transition occurs nor how quickly, which glaciers are liable to transition, the factors driving this 
process and the water supply implications that follow. This paper assesses the role of glacier 
and rock glacier textural properties from a deglaciating region of the Himalayas to begin to 
address some of these issues. We investigated six landsystems on the spectrum from glaciers-
to-rock glaciers in the Khumbu Himal, Nepal, and sampled for clast shape and roundness dur-
ing 2016 and 2017. KAP was additionally used to capture aerial images of an ongoing glacier-
to-rock glacier transitional landform (Chola Glacier) to elucidate the surface geomorphic fea-
tures of a fully transitioned landform. This image data, processed using a structure-from-mo-
tion multi-view stereo (SfM-MVS) photogrammetry approach, revealed the presence of a spa-
tially coherent ridge-and-furrow surface morphology in the lower reaches of Chola Glacier, 
which is potentially indicative of an ongoing glacier-to-rock glacier transition. We show that 
glacier-derived and slope-derived clast roundness are significantly statistically different (Kol-
mogorov–Smirnov two-sample test: Dmax = 0.62, two-tail p < 0.001; n = 1,650) and suggest that 
sediment connectivity (i.e. linkage between sediment sources and downslope landforms) is 
one of the drivers of the transition process. Consequently, we hypothesise that the presence 
of well-developed lateral moraines along glacier margins serves to reduce this connectivity, 
and thus the likelihood of glacier-to-rock glacier transition occurring. Understanding such pro-
cesses has implications for predicting the geomorphological evolution of deglacierizing moun-
tains under future climate warming and the water supply consequences that follow.
9.2 INTRODUCTION 
In deglacierizing mountains, the importance of paraglacial (i.e. landscape relaxation) pro-
cesses, e.g., large-scale rock slope failures and localised rockfalls, are increasingly recognised 
(Ballantyne, 2002b; Harrison, 2009; McColl, 2012; Knight and Harrison, 2014b; Beniston et al., 
2018). In response to deglacial unloading or debuttressing following the exposure of glacially 
steepened rockwalls by glacier downwastage and/or retreat (Ballantyne, 2002b; Fischer et al., 
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2006), rock slope modification may subsequently increase supraglacial debris coverage and 
thickness (e.g., Hambrey et al., 2008; Scherler et al., 2011; Rowan et al., 2015). Continuous 
and thick (i.e. decimetres to metres) supraglacial debris cover can suppress ablation of the 
underlying ice (Lambrecht et al., 2011; Pellicciotti et al., 2014) and also influence glacier dy-
namics significantly. One consequence of this is an increased likelihood that debris-covered 
glaciers will transform to rock glaciers (Shroder et al., 2000; Jones et al., 2018b; Knight et al., 
2019). Given the potential WVEQ stored within rock glaciers around the world (Jones et al., 
2018a), and that rock glaciers are reportedly more climatically resilient than debris-free and 
debris-covered glaciers (Anderson et al., 2018), glacier-rock glacier interactions – e.g., large 
glacier-rock glacier composite features, comprising debris-covered glaciers in their upper 
parts and rock glaciers in their lower parts – could enhance the resilience of the mountain 
cryosphere and preserve frozen water stores in the context of future climate change 
(Rangecroft et al., 2013; Monnier and Kinnard, 2017; Jones et al., 2018a; Jones et al., 2019). 
Importantly, the water supply implications associated with rock glacier hydrological contribu-
tions under climate change scenarios is yet to be established, with few existing studies inves-
tigating this issue (for reviews see: Duguay et al., 2015; Jones et al., 2019). Improved under-
standing of glacier-rock glacier interactions, therefore, is of critical importance if we are to 
better understand the response of high mountain glacial systems to climate change. In addi-
tion, there are considerable gaps in understanding whether glaciers will transition to rock glac-
iers (and develop climatically-resilient water stores) or recede and form lakes dammed by ter-
minal moraines (and potentially produce damaging glacial lake outburst floods).  
Found ubiquitously in high mountain systems around the world (see Jones et al., 2018a), rock 
glaciers are lobate or tongue-shaped assemblages of ice-supersaturated debris and/or pure 
ice, which slowly creep downslope (see Martin and Whalley, 1987; Barsch, 1996; Haeberli et 
al., 2006; Berthling, 2011). They typically display rates of movement in the order of centime-
tres-decimetres per year (see Table 3 in Janke et al., 2013); however, examples of rock glaciers 
with annual surface velocities of several metres have been reported (Gorbunov et al., 1992; 
Kääb et al., 2003; Krainer and Mostler, 2006; Delaloye et al., 2013; Sorg et al., 2015; Hartl et 
al., 2016b; Eriksen et al., 2018). They are characterised by distinctive flow-like morphometric 
features; e.g., spatially organised transverse and longitudinal ridge-and-furrow surface pat-
terns, steep (~>30–35° – gradients of >40° have been observed [Krainer et al., 2012]) and 
sharp-crested frontal and lateral slopes etc. (Wahrhaftig and Cox, 1959; Baroni et al., 2004; 
Kääb and Weber, 2004). Recent research efforts have provided insights into the spatial 




distribution of rock glaciers (e.g., Jones et al., 2018a, and references therein), internal struc-
ture (Hausmann et al., 2007, 2012; Maurer and Huack, 2007; Monnier and Kinnard, 2013, 
2015a; Florentine et al., 2014; Emmert and Kneisel, 2017), dynamic behaviour (Kääb et al., 
2007; Delaloye et al., 2008, 2010; Serrano et al., 2010; Müller et al., 2016; Wirz et al., 2016; 
Kenner et al., 2017a) and hydrological importance (Azócar and Brenning, 2010; Rangecroft et 
al., 2015; Janke et al., 2017; Jones et al., 2018a, 2018b). However, the temporal and spatial 
evolution of glacier-rock glacier interactions remains poorly understood (Monnier and 
Kinnard, 2015b).  
Here, it is important to differentiate rock glaciers from debris-covered glaciers which, in spite 
of their semantic connection, constitute distinct landforms (Hambrey et al., 2008; Benn and 
Evans, 2010; Cogley et al., 2011; Kirkbride, 2011). The latter are glaciers partially or wholly 
covered with a thin (typically less than several-decimetres thick) debris mantle and character-
ised by a topographically complex, spatially-chaotic mosaic of surficial features, including 
hummocks, depressions, supraglacial melt ponds and frequent ice exposures (e.g., ice cliffs). 
Rock glaciers and debris-covered glaciers also have distinct flow dynamics; the former moves 
as a consequence of internal deformation, which predominantly occurs in a shear zone at 
depth within the feature (Arenson et al., 2002; Buchli et al., 2013, 2018; Krainer et al., 2015; 
Kenner et al., 2017a), whereas movement of the latter is governed by internal deformation, 
basal sliding and soft bed deformation (Bosson and Lambiel, 2016). It is worth noting that ba-
sal sliding is generally non-occurring or very limited for cold-based debris-covered glaciers (i.e. 
glaciers frozen to their beds), and only debris-covered glaciers underlain by a soft deformable 
substrate (i.e. unlithified sediments or poorly consolidated sedimentary rocks) experience soft 
bed deformation. Nevertheless, glacier-rock glacier interactions have defined the long-stand-
ing debate regarding rock glacier origin and evolution that abounds in the literature (see 
Barsch, 1977, 1987, 1996; Whalley and Martin, 1992; Hamilton and Whalley, 1995; Clark et 
al., 1998; Whalley and Azizi, 2003; Haeberli et al., 2006; Berthling, 2011). These divergent opin-
ions, termed the rock glacier controversy by Berthling (2011), can be framed as the permafrost 
model vs the glacier ice-core model, whereby rock glacier internal ice is assumed to be of a 
dominantly periglacial/permafrost origin (Wahrhaftig and Cox, 1959; Barsch, 1977, 1987, 
1988, 1996; Haeberli, 1985) or glacigenic origin (Outcalt and Benedict, 1965; Potter, 1972; 
Whalley, 1974; White, 1976; Humlum, 1996; Potter et al., 1998; Ishikawa et al., 2001; Monnier 
et al., 2013; Petersen et al., 2016; Guglielmin et al., 2018), respectively.  
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Monnier and Kinnard (2017) have identified three types of glacier-rock glacier interactions 
within the literature:  
▪ Type I: glacier/debris-covered glacier re-advance and subsequent superimposition/em-
bedding onto/into older permafrost bodies (Lugon et al., 2004; Haeberli, 2005; Ribolini et 
al., 2007, 2010; Monnier et al., 2013; Dusik et al., 2015; Bosson and Lambiel, 2016; 
Kellerer-Pirklbauer and Kaufmann, 2018; Kenner, 2019) – defined by the permafrost 
model.  
▪ Type II: the continuous emergence of a rock glacier from a debris-covered glacier by evo-
lution of the surface morphology, together with the creep of a massive and continuous 
ice body that has been buried and preserved (Potter, 1972; Potter et al., 1998; Humlum, 
2000; Krainer and Mostler, 2000; Berger et al., 2004; Krainer et al., 2010; Krainer et al., 
2012) – defined by the glacier ice-core model. 
▪ Type III: debris-covered glacier-to-rock glacier evolution through the transformation of 
both the surface morphology and the internal structure, i.e. the development of a peren-
nially frozen ice-debris mixture formed via incorporation of surface-derived debris and 
periglacial ice and fragmentation of the initial massive and continuous ice body (Monnier 
and Kinnard, 2015b; Seppi et al., 2015; Monnier and Kinnard, 2017). Numerical models of 
debris-covered glaciers have shown that (iii) forms a plausible end-member response for 
glacier-rock glacier interactions (Anderson et al., 2018). This has been described as an al-
ternative to the dichotomous debate between a periglacial/permafrost origin or glaci-
genic origin for rock glaciers (Monnier and Kinnard, 2015b). 
Regarding Type II and III glacier-rock glacier interactions, continuity of the debris-covered 
glacier and emerging rock glacier morphology suggests a continuum between debris-free 
glaciers and rock glaciers where debris-covered glaciers form an intermediate stage 
(Giardino and Vitek, 1988). Striking examples of large, ongoing debris-covered glacier-rock 
glacier transitions are reported in the literature (Shroder et al., 2000; Monnier and 
Kinnard, 2015b; Monnier and Kinnard, 2017), and these real-world examples alongside 
numerical modelling simulations (Anderson et al., 2018) indicate that debris-covered glac-
ier-to-rock glacier transitions can occur rapidly (<100 years). Yet, proponents of the per-
mafrost model and glacier-ice core model have generally orientated studies towards al-
ready well-developed landforms (Monnier and Kinnard, 2015b).  




Consequently, there exists an opportunity to conduct research that addresses questions 
about the processes governing ongoing debris-covered glacier-to-rock glacier transitions in 
order to elucidate the drivers that determine the likelihood that this transition will occur 
(Jones et al., 2019). Answering this question is of great importance if we wish to understand 
how glaciated mountains might evolve with future climate change and the hydrological and 
water supply implications that follow (ibid.). To illustrate this issue our study focuses upon an 
exemplar region where glaciers (clean and debris-covered) and rock glaciers co-exist to (i) in-
vestigate the sedimentological and geomorphological characteristics associated with a range 
of relevant landforms, and (ii) develop a hypothesis for glacier-to-rock glacier transition. 
9.3 REGIONAL SETTING 
9.3.1 CLIMATOLOGICAL AND GEOLOGICAL CONTEXT 
The study area is located in the SNP, Khumbu Himal, north-eastern Nepal (Figure 9.1a). The 
climate of this area is dominated by the South Asian Summer Monsoon, with data from the 
PYRAMID Observatory Laboratory (hereafter: PYRAMID) near Lobuche (5,035 m a.s.l.) indicat-
ing that 90% of annual precipitation falls during June-September (Bollasina et al., 2002; 
Salerno et al., 2015). Also, instrumental records reflect a topographically-driven steep precip-
itation gradient, with pronounced south (Chaurikharka [~2,600 m a.s.l.]: 2,418 mm yr⁻¹) to 
north (PYRAMID: 449 mm yr⁻¹) reduction in precipitation within the SNP (Salerno et al., 2015). 
MAAT at the PYRAMID (1994–2012) was -2.4 °C, and mean temperature above 5,000 m a.s.l. 
is increasing by 0.044 °C yr⁻¹ (ibid.). Seismic refraction studies conducted on four rock glaciers 
in the study region indicate that the regional lower limit of discontinuous permafrost is situ-
ated at ⋍5,000–5,300 m a.s.l. (Jakob, 1992); however, ice preservation in openwork blocky 
debris accumulations (e.g., rock glaciers) several hundreds of metres below the regional limit 
of discontinuous permafrost have been reported (e.g., Delaloye and Lambiel, 2005). The de-
tailed bedrock geology of the Everest Massif has been described (see Searle et al., 2003). Of 
significance for this study is that the features studied in this paper have surface debris consist-
ing predominantly of granitic and gneissic debris, with some migmatitic debris. In the Khumbu 
region numerous landforms from across the spectrum of the glacial-paraglacial-periglacial 
landscape continuum occur within a relatively small spatial area. This means that climate con-
ditions are relatively homogenous in the area and that we can, therefore, better isolate the 
non-climatic processes driving glacier-to-rock glacier transition.  
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9.3.2 GEOMORPHOLOGICAL CONTEXT OF DEBRIS-MANTLED LANDFORMS 
The ~15.7 km long Khumbu Glacier (27°56’N, 86°49’E; Figure 9.1a) flows from the Western 
Cwm between Mt. Everest (8,848 m a.s.l.), Mt. Lhotse (8,516 m a.s.l.) and Mt. Nuptse (7,861 
m a.s.l.) via the Khumbu Icefall, and terminates at ~4,900 m a.s.l. The lowermost ~8 km is 
debris-mantled, with debris thickness increasing towards the glacier terminus and reaching 
several metres (Nakawo et al., 1986). The debris-covered glacier tongue is characterised by a 
very low gradient, with the lowermost 3–4 km believed to be flowing at velocities <10 m a⁻¹ 
(i.e. stagnant) (Hambrey et al., 2008; Quincey et al., 2009), and a pair of prominent lateral 
moraines (Figure 9.1a and g) dating from the LIA (Rowan, 2017). Lobuche Glacier (Figure 9.1a 
and e) on the western side of Khumbu Glacier is smaller and encompasses a relic debris-man-
tled ablation zone ~1 km in length that is disconnected from the clean-ice accumulation zone 
(Watson et al., 2018). Chola Glacier (Figure 9.1a and b), believed to be a glacier-rock glacier 
composite landform (Knight et al., 2019), is located beneath Mt. Taboche (6,542 m a.s.l.) and 
Mt. Cholatse (6,440 m a.s.l.) and flows ~3 km to ~4,400 m a.s.l. It is characterised by large, 
asymmetrical lateral moraines and has a near-continuous debris-mantle over the entirety of 
its length. Lastly, rock glaciers have been extensively mapped across the Khumbu Himal 
(Regmi, 2008; Jones et al., 2018b), including a number situated within the Pokalde Massif on 
the eastern side of Khumbu Glacier. In the field, Lingten and Pokalde rock glaciers were inves-
tigated in detail. Both of these are glacier-derived rock glaciers, and thus of glacigenic origin 
(Knight et al., 2019). The main properties of these rock glaciers, such as their sediment budget 
and general characteristics, have been examined in previous studies (Barsch and Jakob, 1998; 
Knight et al., 2019). Pokalde rock glacier is located at ~5,030 m a.s.l. with a west-facing aspect. 
It has a relatively flattened body and gently sloping front of <30°, with minor vegetation and 
lichen cover (Figure 9.1c). Knight et al. (2019) suggest that this rock glacier is inactive (i.e. con-
taining ice but immobile). Pokalde Glacier, located immediately upslope of this rock glacier, 
has receded considerably in recent years. Lingten rock glacier is located at ~4,940 m a.s.l. and 
extends from talus slopes beneath a high (~400–500 m), steep headwall (Figure 9.1d). The 
rock glacier has a steep (>30–35°), high (>30–40 m) and sharp-crested frontal slope, light-col-
oured frontal slope, and no vegetation cover; characteristics that indicate the upper lobes 
contain frozen material and are seasonally active (Knight et al., 2019). Conversely, the lower-
most lobe has extensive vegetation cover with boulders that are weathered and lichen-cov-
ered, indicating long-term stability (i.e. the rock glacier contains no ice and is immobile [relict 
activity status]) (ibid.). 





Figure 9.1. (a) The spatial distribution of relevant geomorphological landforms situated within the Khumbu valley 
and discussed in this paper. Sampling sites for clast characteristic analysis are indicated. Values (m asl) reflect the 
elevation of rock glacier (RG) termini. Background: orthorectified Pleiades panchromatic scene from November 
2016. Inset: the location of the Khumbu Himal in Nepal. Annotated photographs of selected geomorphological 
elements examined in this paper are indicated: (b) Chola Glacier, probably undergoing contemporary glacier-rock 
glacier transition; (c) Pokalde rock glacier (glacier-derived); (d) Lingten rock glacier (glacier-derived); (e) debris-
mantled surface and terminal moraine of Lobuche Glacier; (f) examples of rock slope failure, LIA moraine collapse 
and evidence for the degree of glacier downwasting below the LIA trimline; and (g) right-lateral moraine of 
Khumbu Glacier (photos: D.B. Jones [b-d, f] and O. King [e, g]). 




Figure 9.1. (continued). 
9.4 METHODS 
9.4.1 CLAST MORPHOLOGY 
Paraglacial landscapes represent highly dynamic systems; the adjustment from glacial- to 
paraglacial-dominated process regimes in high mountain systems occurs over a range of time-
scales. Therefore, “[g]eoscientists [and geomorphologists] are generally unable to fully ob-
serve landscape forming processes because the time-scale of the observer and the time-scale 
of many geomorphic phenomena are different” (Micallef et al., 2014). Location-for-time sub-
stitution facilitates the inference of long-term landform development based upon the as-
sumption that the modern landscape contains representative landforms at different stages of 
evolution, the comparison of which enables integration of long-term processes and short-




term investigations (field-based “snapshots”) (see Paine, 1985) (e.g., Micallef et al., 2014; 
Klaar et al., 2015; Messenzehl et al., 2017). Previous research has indicated the utility of clast 
shape and roundness for distinguishing between different erosional, transportational and 
depositional clast histories in glaciated environments (e.g., Ballantyne, 1982; Benn and 
Ballantyne, 1993, 1994; Bennett et al., 1997; Hambrey and Ehrmann, 2004; Glasser et al., 
2009; Brook and Lukas, 2012; Małecki et al., 2018), thus enabling the creation of hypotheses 
to test models of landscape development. Here, therefore, we substitute data collected 
through time with clast data from a range of landforms that span the glacier-rock glacier con-
tinuum to elucidate the nature of transitions along this evolutionary pathway. 
During two field campaigns undertaken in May 2016 and 2017, 1,650 clasts from surface de-
posits were taken to determine clast shape (i.e. the relative dimensions of the clast) and 
roundness (i.e. the degree of curvature around the clast edges) characteristics following the 
method of Benn and Ballantyne (1993, 1994). Sedimentary facies were also described in the 
field on the basis of Hambrey and Glasser’s (2003) modification of Moncrieff’s (1989) textural 
classification of poorly sorted sediments. Field sampling was undertaken at 33 sites located 
across six distinct morphometric features on and in the vicinity of the Khumbu Glacier (Figure 
9.1a; Table 9.1): supraglacial debris, terminal moraine debris, lateral moraine debris, rock 
glacier debris, possible glacier-rock glacier composite landform debris (termed: transitional 
feature) and rockfall debris (termed: scree). The clasts, in groups of fifty, were selected at ran-
dom from 2 m² sample sites and the three orthogonal axes a, b, c (long, intermediate, short) 
were measured to the nearest 5 mm using a steel ruler. Clast roundness was determined vis-
ually for each clast on a modified Powers (1953) scale. Given the potential influence of lithol-
ogy in determining clast shape (see Lukas et al., 2013), we confined our sampling strategy to 
clasts of similar lithology (granitic gneiss).



























































































































As advocated by Benn and Ballantyne (1993, 1994), ternary diagrams following Sneed and 
Folk (1958) were generated in the TRI-PLOT Excel spreadsheet (Graham and Midgley, 2000) 
and employed to visually and statistically interpret clast shape. The C₄₀ index (percentage of 
clasts with a c/a axial ratio ≤ 0.4), was subsequently calculated for each sample site (i.e. 50 
clasts). Clast roundness classifications were plotted as frequency distributions (%) and as-
sessed visually. The RA index (percentage of angular and very angular clasts), was then deter-
mined for each sample site. Here, the C₄₀ and RA indices are assumed to represent two con-
trasting modes of sediment transport: (i) active transport at or close to the ice-bed interface 
(i.e. subglacially modified); and (ii) passive transport at the feature surface (i.e. supraglacially 
transported) or within the ice (i.e. englacially transported) (Boulton, 1978; Benn, 2004). 
Boulton (1978) showed that dominantly edge-rounded, blocky and abraded clasts occurred 
in (i) and dominantly angular and platy clasts in (ii). To this end, the co-variance of the RA and 
C₄₀ parameters for the six different morphometric features were plotted on a bivariate scat-
terplot as suggested by Benn and Ballantyne (1994). Landform associations were further sta-
tistically interrogated using the Kolmogorov-Smirnov two-sample test (McCarroll, 2016, p. 
132). 
9.4.2 STRUCTURE-FROM-MOTION MULTI-VIEW STEREO (SFM-MVS) PHOTOGRAMMETRY 
In addition to sedimentological sampling, an experiment was undertaken to test the utility of 
emerging SfM-MVS photogrammetry approaches for modelling the surface features of a po-
tentially ongoing glacier-to-rock glacier transition. Drones have emerged in geomorphological 
research as a de-facto platform for SfM-MVS data capture (Smith et al., 2016), but the use of 
drones in the study area was not feasible for a number of reasons. The SNP authority operates 
restrictions regarding the use of drones, which can make obtaining research permits more 
difficult (D. Regmi [Himalayan Research Expeditions], pers. comm.). Power supply issues, e.g., 
limited availability of solar power, device-type charging restrictions, high costs (~400 Rs./hr ≈ 
3.5 USD) and low air mass – which results in poor flight efficiency and very short flight times – 
also restricts the use of drones here. In comparison to drones, KAP provides a number of ad-
vantages in high-altitude locations (Wigmore and Mark, 2018). These include: (1) KAP plat-
forms are less affected by the lower air density of high-altitude regions; (2) KAP platforms are 
lighter and more compact than drones and thus simpler to transport to field sites; (3) powerful 
katabatic winds characteristic of high-altitude environments form conditions suitable for KAP, 
however, represent hazardous conditions for drones; (4) KAP platforms are less prone to 
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breakage than drones, an important consideration given the complex nature of mountainous 
terrain and the greater expense of the latter (ibid.). 
Aerial images of the Chola Glacier were captured using KAP. A HQ KAP Foil 1.6 m² single-line 
kite was used for this purpose (Figure 9.2a); a KAP system previously demonstrated to provide 
a stable aerial platform (e.g., Duffy et al., 2018). This KAP system is suitable for wind conditions 
between 3.13 and 13.86 m s⁻¹ (KAPshop, n.d.). PYRAMID Observatory Laboratory data indi-
cates well-defined local circulatory systems with consistent south-southwest valley breezes 
(~4.5 m s⁻¹) peaking between 12:00 to 14:00 (Bollasina et al., 2002); therefore, the chosen kite 
platform was well-suited to these conditions. A ruggedized Canon PowerShot D30 12.1-meg-
apixel compact digital camera was used to capture aerial photographs. The Canon Hack De-
velopment Kit firmware (CDHK; chdk.wikia.com/wiki/CHDK) was loaded onto the SD card, en-
abling fixed interval shooting; here, an interval of 5 s was used. The camera was mounted on 
a custom 3D printed lightweight mount (Figure 9.2b) and hung from a picavet suspension 
system ~10 m below the kite. The picavet system uses a system of twine and pulleys that serve 
to stabilize the KAP platform with the camera facing in the nadir position. In the field, 13 highly 
visible black and white chequered 250 mm x 250 mm plastic ground control points (GCPs) 
were distributed along the terminus of Chola Glacier. Laminated sheets with unique identifi-
ers were positioned alongside each GCP to simplify maker identification within the images, 
and the GCP position was measured with a GARMIN eTrex® 10 Handheld GPS. Geospatial data 
collected from this device were recorded in the WGS-84 datum (ESPG: 4326) with an average 
horizontal error of ± 3 m. The kite was then walked around the Chola Glacier in a zig-zag fash-
ion to ensure good image overlap and to gather images from various perspectives, both of 
which are important for the functioning of SfM-MVS algorithms (Westoby et al., 2012). 





Figure 9.2. (a) The KAP system during a test flight on Duwo Glacier beneath Ama Dablam. The Nuptse-Lhotse ridge 
forms the backdrop. N.B. the larger HQ KAP Foil 5.0 m² single line kite is depicted. This KAP system, facilitating KAP 
in lower wind conditions (1.79–8.94 m s⁻¹) (KAPshop, n.d.), was also transported to the field sites but not used; 
and (b) 3D model representation of the picavet mount (photo: D.B. Jones). 
Through manual inspection KAP-derived aerial images were filtered, removing those with vis-
ible motion blur, an excessively oblique angle, non-stationary occlusions such as people, and 
those captured during take-off and landing. This resulted in a subset of 282 images, which 
formed the input for a photogrammetric processing workflow. Subsequently, a dense point 
cloud, digital surface model (DSM) and orthomosaic were built using Agisoft PhotoScan Pro-
fessional (v. 1.3.5) (Agisoft LLC, 2017). The sequential steps and the settings used within the 
photogrammetric workflow are available in the supplementary information (section 12.4.1). 
The specific algorithms implemented by PhotoScan are not detailed here; however, the SfM-
MVS procedure is described by Westoby et al. (2012). 
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9.5 RESULTS AND DISCUSSION 
9.5.1 ANALYSIS OF CLAST SEDIMENTOLOGY 
Ternary diagrams and roundness histograms for the features sampled in situ are shown in 
Figure 9.3, and the RA-C₄₀ (i.e. roundness vs shape) bivariate scatterplot in Figure 9.4.  
 
Figure 9.3. Aggregate clast shape data (ternary diagrams) and roundness data (histograms) for the six morpho-
metric features. Abbreviations: n is the number of clasts sampled; RA and C₄₀ are defined in the text; VA = very 
angular; A = angular; SA = sub-angular; SR = sub-rounded; R = rounded; and WR = well-rounded. 
 
Figure 9.4. Summary RA-C₄₀ bivariate scatterplot of the features sampled in situ. Envelopes (ellipses) reflect the 
95% confidence interval of each data group. Abbreviations: RA and C₄₀ are defined in the text. N.B. each plotted 
point represents a sample group of 50 clasts. 




Sandy boulder-gravel, with minor cobbles and pebbles, dominates the near-continuous de-
bris-mantle in the lower portions of Khumbu Glacier (Figure 9.5a). Supraglacial samples have 
moderate-high c:a (?̃? = 0.50) and b:a (?̃? = 0.78) axial ratios, and thus aggregate clast form is 
predominantly blocky (Ballantyne, 1982). Of note, C₄₀ indices range considerably between 6% 
and 44%, indicating that supraglacial facies also contain smaller proportions of platy/elongate 
clasts. Typical clast roundness distribution of supraglacial facies reflects the predominance of 
sub-angular clasts (68%), with a lower occurrence of very angular (1%), angular (20%) and sub-
rounded (11%) clasts. RA values are generally low (<20%), however two samples have more 
moderate values (32–36%). Generally, supraglacial samples are predominantly very angular 
and/or angular (e.g., Benn and Ballantyne, 1993; 1994; Bennett et al., 1997; Benn and Owen, 
2002; Glasser et al., 2009; Brook and Lukas, 2012); thus, here, aggregate clast form attributes 
of supraglacial samples indicate that most debris has likely undergone active transportation 
at the ice-bed interface (Boulton, 1978) or fallen from collapsing lateral moraines (Hambrey 
et al., 2008) (Figure 9.1f). Additionally, the presence of large sub-angular/sub-rounded boul-
ders up to 5 m (b-axis) at the surface (Figure 9.5a) and bullet-nosed clasts (Boulton, 1978; 
Benn et al., 2004, p. 362) suggests the importance of subglacial transport paths. Hambrey et 
al. (2008), report similar aggregate clast form results for supraglacial samples on Khumbu 
Glacier, lending credence to the findings presented above. 
The LIA lateral moraines of Khumbu Glacier have unstable, non-vegetated inner faces domi-
nated by sandy-boulder gravel (Figure 9.5b). Atop the lateral moraines, large, angular boul-
ders several metres in diameter are present (Figure 9.1g). Clasts are blocky with moderate-
high c:a (?̃? = 0.50) and b:a (?̃? = 0.75) axial ratios (Ballantyne, 1982). C₄₀ (<20%) and RA indices 
(<32%) are both reasonably low (i.e. dominantly blocky shapes and very high percentages of 
edge-rounded clasts). Furthermore, clasts in lateral moraine facies are predominantly angular, 
sub-angular and sub-rounded, in which sub-angular and sub-rounded clasts are dominant 
with up to 64% and 38% in this category, respectively. The co-variant plot demonstrates a 
narrow distribution of RA/C₄₀, further suggesting a predominantly basal-origin for debris (i.e. 
actively transported). 
Terminal moraine facies, sampled at Lobuche Glacier (Figure 9.1a), are predominantly blocky 
with moderate-high c:a (?̃? = 0.50) and b:a (?̃? = 0.75) axial ratios and few platy/elongate clasts 
(C₄₀ = 24%) (Ballantyne, 1982). Clast roundness distribution is broad, with peaks in the angular 
(40%) and sub-angular (52%) categories. Additionally, the co-variant plot depicts 
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comparatively high RA indices (38–50%) vs supraglacial and lateral moraine facies, which com-
bined with the presence of large, angular boulders (Figure 9.5c), infers a variable mixture of 
actively and passively transported sediment.  
Scree facies, sampled at a number of locations (Figure 9.1a), are categorised as boulder-
gravel, with minor proportions of cobbles and pebbles (Figure 9.5d). Additionally, angular 
boulders >5 m (b-axis) are common at the foot of rockwalls (Figure 9.5d). Sampled clasts have 
low-moderate c:a (?̃? = 0.38) and moderate-high b:a (?̃? = 0.67) axial ratios, and thus aggregate 
clast form is predominantly platy (Ballantyne, 1982). Relatively high C₄₀ indices (60% [46–
72%]) support this interpretation. Furthermore, clasts are predominantly very angular and an-
gular (53% and 38%, respectively), with minor proportions of sub-angular debris. Intra-sample 
RA indices are all >82%. Combined, this indicates that scree facies have undergone predomi-
nantly passive transport.  
Rock glacier facies are dominated by matrix-free, angular boulder-gravel (Figure 9.5e); thus, 
Pokalde and Lingten rock glaciers can be designated ‘bouldery rock glaciers’ according to Ikeda 
and Matsuoka’s (2006) classification. In addition, paraglacially driven rockfall, e.g., large, an-
gular rockfall debris several metres in diameter and perched boulders, characterise the rock 
glacier surface (Figure 9.5e). The frontal slope of the rock glaciers is dominated by sandy boul-
der-gravel, with minor cobbles and pebbles. Sampled clasts have moderate c:a (?̃? = 0.44) and 
moderate-high b:a (?̃? = 0.71) axial ratios and thus aggregate clast form is a variable mixture of 
blocky, platy and elongate forms. Moderate C₄₀ indices of 37% indicate that platy/elongate 
clasts form a larger proportion of the total sample compared to the supraglacial, lateral mo-
raine and terminal moraine facies. Rock glacier facies are dominated by very angular (33%) 
and angular (54%) debris and RA indices are consistently high (87% [70–100%]). Importantly, 
RA indices of Lingten rock glacier samples (94–100%) are considerably higher than those of 
Pokalde rock glacier (70–80%). This may indicate that Pokalde rock glacier likely formed via a 
Type I glacier-rock glacier dynamic relationship, whereas Lingten rock glacier represents a 
Type II or III glacier-rock glacier dynamic relationship. Therefore, while rock glacier facies data 
indicates predominantly passively transported sediment, that of Pokalde rock glacier is par-
tially reworked subaerial debris (i.e. has undergone a degree of active transport) (Knight et al., 
2019). 
Transitional feature facies are classified as predominantly sandy boulder-gravel, with minor 
cobbles and pebbles. Transitional feature facies within the furrows, in particular, are 




predominantly matrix-free boulder-gravel, with minor cobbles and pebbles and lacking signif-
icant sand. Similar to scree and rock glacier facies, transitional feature facies have low-moder-
ate c:a (?̃? = 0.40) and moderate-high b:a (?̃? = 0.71) axial ratios, indicating that the aggregate 
clast form is predominantly platy (Ballantyne, 1982). Clast roundness distribution reflects the 
predominance of very angular (69%) and angular clasts (24%), with lower occurrence of sub-
angular (8%) clasts. The co-variant plot show RA/C₄₀ indices typically of 93/54 (%). Mean clast 
size (b-axis) of 30 boulders lying along an upslope transect was ~1.9 m, with several large, 
angular boulders >5 m (Figure 9.5f). This is indicative of the movement to the snout of rockfall-
derived debris (Knight et al., 2019). Together, the above-described characteristics of transi-
tional feature facies infer the dominance of passive transport processes. 
The co-variant plot indicates that the sampled sedimentary facies form two groups with no 
overlapping geometrical properties (Figure 9.4): (i) glacier-derived sediment (i.e. predomi-
nantly active transport processes), including supraglacial, lateral moraine, and terminal mo-
raine facies; and (ii) slope-derived sediment (i.e. predominantly passive transport processes), 
consisting of scree, rock glacier and transitional feature facies. A Kolmogorov–Smirnov two-
sample test was applied to the data and showed that glacier-derived and slope-derived sedi-
ment were significantly statistically different with regard to clast roundness (Dmax = 0.62, two-
tail p < 0.001; n = 1,650). 




Figure 9.5. Typical facies associated with the morphological units studied here: (a) sandy boulder-gravel on lower 
Khumbu Glacier; (b) general view of the right-lateral moraine showing sandy boulder-gravel, with large boulders 
atop the crest; (c) boulder-gravel, including large, angular boulders; note the GCP target for scale; (d) boulder-
gravel, with minor proportions of cobbles and pebbles, characterising the scree slopes below Pokalde rock glacier. 
Large, angular debris in the foreground and smaller debris in the background suggesting a degree of fall sorting; 
(e) paraglacially driven rockfall (i.e. very large, angular debris) upon Lingten rock glacier; note the sandy boulder-
gravel with minor cobbles and pebbles forming the frontal slope of the rock glacier in the background; and (f) 
matrix-free boulder-gravel at the surface of Chola Glacier. Large, angular boulders resulting from rockfall are evi-
dent at the surface (photos: D.B. Jones). 
9.5.2 ANALYSIS OF KAP-DERIVED SFM-MVS PRODUCTS 
On Chola Glacier which is a transitional feature, we used KAP to produce an SfM-MVS work-
flow, and this yielded a point cloud, DSM (Figure 9.6a) and orthomosaic (Figure 9.6c) covering 
~0.04 km². The mean flying altitude was 33.2 m. The photogrammetric workflow produced a 




point cloud with 27.6 points cm⁻², a DSM with a ground resolution of 19.00 mm pixel⁻¹ and an 
orthomosaic with a ground resolution of 9.52 mm pixel⁻¹. The reprojection error (calculated 
by the software) was ~0.6 pixels. Note that three of the original GCPs were omitted from the 
processing workflow for use as independent check points. Root mean square error (RMSE) 
calculated across x, y and z dimensions was ~5.8 m. The relatively large RMSE is to be expected 
when spatially variable overlap (typical of KAP surveys), and standard accuracy GPS (from a 
handheld system) is present. Please see the supplementary information for the full processing 
report of this model construction (section 12.4.2). Quantitative analysis of the DSM was not 
undertaken. Instead, the focus was on visual interpretation of the model surface, which ex-
hibits the presence of a spatially coherent ridge-and-furrow surface morphology in the lower 
reaches of Chola Glacier (Figure 9.6b). Numerous large, angular boulders >5 m (b-axis) are 
present across the surface; further evidence of the movement to the snout of rockfall-derived 
debris (Figure 9.6d). Alongside the sedimentological analyses, this suggests that Chola Glacier 
potentially represents a contemporary transitional form. 
 




Figure 9.6. Products of the SfM-MVS workflow: (a) overview of the topography of Chola Glacier, as represented 
by a hillshaded DSM. Contours at 10 m intervals are also depicted; (b) finer spatial scale overview showing the 
ridge-and-furrow surface morphology, characteristic of rock glaciers, in the lower parts of the feature. Large boul-
ders several metres in diameter (b-axis) are also visible; (c) overview of the sedimentological facies of Chola Glac-
ier, visible in the orthomosaic. Debris banding reflects the aforementioned ridge-and-furrow surface morphology, 
with sandy boulder-gravel and boulder-gravel present on the distal and proximal slopes, respectively; and (d) finer 
spatial scale view of the transitional feature facies upon Chola Glacier. Large, angular boulders that reflect parag-
lacially driven rockfall evidence are common across the surface. 
9.5.3 SYNTHESIS OF SITE-WIDE VARIATIONS 
In spite of the long-standing debate regarding rock glacier origin and evolution (see section 
4.3.2), the literature nevertheless consistently describes the requirement of continuous 
[thick] debris input for rock glacier formation and further development (e.g., Humlum et al., 
2007; Kellerer-Pirklbauer and Rieckh, 2016). Frauenfelder et al. (2003) established correla-
tions between rock glacier size and headwall extent in the Eastern Swiss Alps, findings 




replicated for rock glaciers within the Front Range of Colorado (Janke and Frauenfelder, 2008). 
In addition to headwall extent, more recently Kenner and Magnusson (2017) found the inten-
sity of headwall erosion strongly influenced rock glacier distribution and size, by partly con-
trolling “(a) the formation time of an insulating debris layer superimposed on avalanche snow 
in the accumulation area, and (b) the accumulation mass that determines rock glacier length 
and long-term creep velocity”. Indeed, they suggest that the combined effect of large head-
wall extents and high headwall erosion rates could have forced the presence of rock glacier 
fronts in elevation ranges otherwise unsuitable for long-term rock glacier existence (ibid.). 
While continuous debris supply is important, rock glacier formation has been associated with 
episodic high magnitude, low frequency rockfalls (i.e. catastrophic rockfalls following the fail-
ure of rock faces) (Johnson, 1984; Harrison et al., 2008; Monnier et al., 2008; Degenhardt Jr, 
2009). Regarding glacier-rock glacier interactions, investigating large ice-debris complexes in 
Ak-Shiirak, Central Tien Shan, Bolch et al. (2019a) speculate that, in addition to continuous 
debris supply, a few large rockfall events, e.g., triggered by earthquakes, has buried and pre-
served former glacier ice. As previously described (see section 4.4), thick supraglacial debris 
cover (decimetres to metres) suppresses ablation of the underlying ice, particularly where the 
depth of the AL is exceeded, with significant influences upon glacier dynamics. Inefficient sed-
iment evacuation processes encourage glacier-rock glacier interactions at short (a few dec-
ades) timescales (Shroder et al., 2000). The above-described examples underline the depend-
ency of rock glaciers [and ice-debris complexes] on ongoing debris supply. Therefore, we ar-
gue that significant debris input forms the most efficient way for glacier-rock glacier transition 
to occur. 
Here, the data suggest strongly that the surficial sediments in the lower reaches of Khumbu 
Glacier are linked to glacier-derived sediment and therefore we argue that the glacier is not 
transitioning. In contrast, the sediments associated with the lower reaches of Chola Glacier 
are slope-derived, and the glacier represents an ongoing glacier-to-rock glacier transition. 
Given the importance of debris-supply from bordering valley sides (Benn and Owen, 2002), 
this suggests a strong link between the delivery of sediment from the surrounding unstable 
mountain slopes to the glacier surface and the likelihood of glacier-to-rock glacier transition 
occurring. Indeed, Chola Glacier and the sampled rock glaciers are well connected to their 
debris source as they are in close proximity to rock-slopes where paraglacial processes occur 
with a high frequency (i.e. steep and tall rockwalls [amphitheatre-like]). Pokalde rock glacier, 
which represents a Type I glacier-to-rock glacier transition is less well-connected, and thus is 
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dynamically inactive (see Barsch, 1996, p. 8-10) and is transitioning towards relict activity sta-
tus. It is clear from the data presented here and within other studies (see above) that sufficient 
sediment supply is critical to rock glacier development and persistence. Therefore, it is rea-
sonable to assume that low sediment connectivity (i.e. linkage between sediment sources and 
downslope landforms) will reduce the likelihood with which glacier-to-rock glacier transition 
occurs. 
As a result, we hypothesise that sediment delivery to the glacier surface is an important (and 
perhaps the primary) driver of glacier-to-rock glacier transition. The sedimentological facies of 
Khumbu Glacier vs Chola Glacier (and the rock glaciers) have undergone significantly different 
transport processes. The predominance of glacier-derived sediment (i.e. actively transported 
sediment) that characterises Khumbu Glacier indicates that the lower reaches of the glacier 
are not influenced by paraglacial processes. We have argued that significant rockfall input is 
the most efficient way for glacier-to-rock glacier transition to occur, and thus hypothesise that 
the large, well-developed lateral moraines of Khumbu Glacier, the trough-to-crest height of 
which is 75 m (left) and 60 m (right) in the vicinity of Lobuche (Hambrey et al., 2008) (Figure 
9.1a), blocks the sediment from rockfalls reaching the glacier surface (Figure 9.7a). Further-
more, the Khumbu Valley widens with distance downslope, and the surrounding slopes are 
also elevationally lower. There is plentiful evidence of paraglacially driven rockfall at the base 
of slopes in the lateral morainic troughs alongside Khumbu Glacier; however, much of this 
debris becomes trapped here (Figure 9.7b and c). That is not to say that glaciers with large, 
well-developed lateral moraines will not undergo glacier-to-rock glacier transition, but they 
may require catastrophic events (e.g., sturzstrom) to facilitate this. Therefore, the ice-debris 
ratio (debris concentration) of Khumbu Glacier is such that while the terminus shows features 
(e.g., ridge-and-furrow surface morphology) characteristic of rock glaciers (Iwata, 1976) (Fig-
ure 9.1a), the lack of sufficient sediment delivery indicates that Khumbu Glacier is following a 
trajectory towards large supraglacial lake formation dammed by an ice-cored terminal mo-
raine, in agreement with previous research (e.g., Hambrey et al., 2008; Watson et al., 2016). 
Furthermore, Monnier and Kinnard (2017) note that rock glaciers can develop upward at the 
expense of debris-covered glaciers, and this cannot occur on Khumbu Glacier if a large suprag-
lacial lake forms. 






Figure 9.7. (a) the lateral morainic trough and LIA left-lateral moraine of Khumbu Glacier; (b) rockfall-derived large, 
angular boulders that are trapped in the lateral morainic trough; note the encircled person for scale; and (c) view 
of the LIA left-lateral moraine from within the lateral morainic trough. Further evidence of debris trapped within 
the lateral morainic trough is depicted; note the encircled perched boulders (photos: D.B. Jones). 




Here we have used location-for-time substitution to investigate clast data from a range of 
landforms that span the glacier-rock glacier continuum in a high mountain setting to assess 
the ways in which glacier-to-rock glacier transition occurs. We can show clear sedimentologi-
cal differences in these landforms and suggest that access to debris supply is one of the drivers 
of the transition process. As a result, the topographic connectivity between glacier surfaces 
and surrounding unstable mountain slopes is assumed to be a crucial component of this. We 
hypothesise that the presence of well-developed large lateral moraines along glacier margins 
serves to reduce this connectivity and therefore reduce the opportunity for glacier-to-rock 
glacier transition. Understanding these processes is of great importance if we are to better 
predict the geomorphological evolution of glaciated mountains under conditions of future cli-
mate change and the water supply implications that follow. 
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This PhD thesis presents an analysis regarding the role of rock glaciers in mountain hydrology 
and their future evolution. It uses a combination of remote and proximal sensing data and in 
situ data to investigate rock glaciers across a range of spatial scales. Accordingly, this thesis 
produces (i) the first comprehensive evaluation of the hydrological role of rock glaciers in 
mountains [Chapter 4]; (ii) the first [near] global-scale RGDB and approximation of their WVEQ 
vs glaciers [Chapter 5]; (iii) the first comprehensive rock glacier inventories for the Nepalese 
Himalaya and Himalaya [Chapter 6 and 7]; (iv) the first estimate of rock glacier vs glacier WVEQ 
in the Nepalese Himalaya and Himalaya [Chapter 6 and 7]; (v) an evaluation of the interactions 
between rock glaciers and glacial, periglacial and paraglacial environmental process domains, 
and the role of rock glaciers in mountain landscape evolution [Chapter 8]; and (vi) a new con-
ceptual hypothesis for glacier-to-rock glacier transition in deglacierizing mountains [Chapter 
9]. The rock glacier datasets (related to [ii], [iii] and [iv]) have been shared as open-source 
geodatabases to benefit the wider rock glacier research community7. Each of these chapters 
contains its own detailed discussion.  
The overarching research aim of this thesis (as stated in Chapter 2) was to review and extend 
scientific knowledge of the role of rock glaciers in mountain hydrology through advancing 
understanding of their frequency, spatial distribution, hydrological importance and evolu-
tionary pathways. This aim was primarily addressed through three key themes to which the 
chapters were aligned:  
Theme 1. The hydrological role and importance of rock glaciers globally. 
For high mountain systems at the global-scale, characterise  
i.  The hydrological role played by rock glaciers, and 
ii.  The water equivalent volume (WVEQ) stored in rock glaciers 
Theme 2. Rock glacier distribution and hydrological significance in the Nepalese and Hima-
laya. 
Address the paucity of data regarding the distribution and hydrological signifi-
cance of rock glaciers at  
 
7 N.B. Chapter 7 is currently being prepared for publication; therefore, the systematic rock glacier inventory for 
the Himalaya will be made available after publication. 
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i.  A national spatial scale – The Nepalese Himalaya, and 
ii. A regional spatial scale – The Himalaya  
Theme 3.  Advancing rock glacier evolutionary theory. 
Advance the understanding of rock glacier evolution, particularly in deglacierizing 
mountains by  
i. Considering firstly the evolution of rock glaciers over time and space, and sec-
ondly their relationships with other mountain landforms, and 
ii. Developing a conceptual hypothesis for glacier-to-rock glacier transition 
In this chapter, I draw together new insights presented in this thesis, with respect to Themes 
1–3 outlined above, and consider their implications for the broader understanding of the role 
of rock glaciers in mountain hydrology and landscape evolution (sections 10.1–10.3). Lastly, I 
signpost towards future research threads important for the progression of rock glacier-related 
research (section 10.4). 
10.1 THE HYDROLOGICAL ROLE AND IMPORTANCE OF ROCK GLACIERS GLOBALLY 
(i)  For high mountain systems at the global-scale, characterise the hydrological role played 
by rock glaciers. 
In Chapter 4, the state of current scientific knowledge regarding the hydrological role of rock 
glaciers in high mountain systems globally was critically assessed. The continued decline of 
the high-mountain cryosphere is anticipated to have severe implications for freshwater re-
sources and their effective management (see Beniston, 2003; Bolch et al., 2012; Huss et al., 
2017; Miller et al., 2017). Therefore, this chapter calls for a comprehensive understanding of 
all components of the mountain hydrological cycle, particularly rock glaciers. Yet, to date, with 
few notable exceptions (e.g., this thesis; Schaffer et al., 2019), the hydrological role of rock 
glaciers in mountains has been afforded relatively little consideration compared to debris-free 
and debris-covered glaciers. For instance, in their recent book chapter, “Status and Change of 
the Cryosphere in the Extended Hindu Kush Himalayan Region”, Bolch et al. (2019b) synthe‐
sised and evaluated the state of current scientific knowledge regarding changes in the high-
mountain cryosphere; however, rock glaciers are only mentioned briefly. Moreover, although 
rock glacier dynamics have received much attention, most prominently by the International 
Panel on Climate Change (IPCC) in the context of impacts of climate change upon high moun-
tain permafrost (Vaughan et al., 2013), their potential hydrological importance has been 
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neglected by policymakers. It is reasonable to assume that this neglect may stem from a lack 
of awareness; consequently, this chapter provides a comprehensive understanding of the 
state-of-knowledge regarding the hydrological role of rock glaciers.  
This chapter describes a general lack of consensus in the literature concerning the perceived 
hydrological significance of rock glaciers and highlights the pressing need for more research 
in this relatively young research field. Importantly, the “hydrological significance” of rock glac‐
iers has been almost exclusively defined according to their ice volume/WVEQ and/or relative 
contribution to catchment runoff. In this chapter, the “hydrological significance” of rock glac‐
iers is redefined as to also include for the first time (i) rock glacier-catchment interactions (i.e. 
total discharge volume, variability and timing), and (ii) rock glacier effects upon the physical 
characteristics of water (i.e. hydrochemistry, temperature). In addition, rock glacier hydrolog-
ical significance has largely been considered according to a restricted timescale inasmuch as 
investigations generally focus on present opposed to potential future hydrological contribu-
tions. In this chapter, it is proposed that rock glacier water storage [and release] occurs over 
a range of timescales (see Figure 4.3); furthermore, it is recommended that future assess-
ments of the hydrological significance of rock glaciers do so in this context. Lastly, this chapter 
notes a relative paucity of quantitative remote sensing (e.g., rock glacier number, spatial dis-
tribution, morphometric characteristics) and in situ data (e.g., discharge, internal structure [ice 
content by vol.]) that continues to restrict the assessment of their hydrological value. This 
chapter serves to frame the proceeding empirical chapters. 
(ii)  For high mountain systems at the global-scale, characterise the water volume equivalent 
(WVEQ) stored in rock glaciers. 
While a small number of national-scale glacier inventories include rock glaciers, including the 
Inventario Nacional de Glaciares of Argentina (Zalazar et al., 2017; IANIGLA-CONICET, 2018), 
they are omitted from global-scale glacier databases (e.g., the GLIMS and RGI databases). Fur-
thermore, although described as the most “pressing need” in rock glacier science, prior to this 
thesis no global-scale rock glacier inventory existed (Janke et al., 2013); thus, a full assessment 
of their global distribution and hydrological significance was prevented. This thesis argues that 
in the absence of this information, rock glaciers could be considered to be hydrologically in-
significant by the rock glacier research community and policymakers. Therefore, Chapter 5 
forms the first near-global scale RGDB.  
ROCK GLACIERS AND WATER SUPPLIES IN THE HIMALAYA 
206 
 
The RGDB presented in this chapter includes in excess of 73,000 rock glaciers (intact = ~39,500 
and relict = ~33,500). These are estimated to contain a total WVEQ of 83.7 ± 16.7 Gt [approx-
imately 69–102 trillion litres of water]. Furthermore, the global-scale ratio of rock glacier: glac-
ier WVEQ was estimated to be 1:456, ranging between 1:26 (North Asia) and 1:18,395 (Sval-
bard and Jan Mayen). The rock glacier: glacier WVEQ ratios presented in this chapter show 
that rock glaciers in certain regions constitute potentially important long-term water stores; 
however, these large-scale ratios are not representative at national- or regional-scale (e.g., 3:1 
in the semi-arid Chilean Andes [29°–32°]) (Azócar and Brenning, 2010) and 1:3 in the Nepalese 
Himalaya (this thesis). The RGDB also served to identify underrepresented RGI regions (see 
Table 5.2). Indeed, only ~9% of the studies included in the RGDB cover HMA; therefore, HMA 
forms the focus for Theme 2 (see section 10.2). Although this chapter represents a first-order 
approximation of near-global rock glacier WVEQ due to considerable uncertainties (see sec-
tion 5.4.4), this contribution is important for raising awareness of the potential hydrological 
significance of rock glaciers. The inclusion of this chapter [Jones et al., 2018a] in the latest IPCC 
report, entitled “IPCC Special Report on the Ocean and Cryosphere in a Changing Climate” 
(Hock et al., 2019b), reflects this. 
10.2 ROCK GLACIER DISTRIBUTION AND HYDROLOGICAL SIGNIFICANCE IN THE NEPALESE AND 
HIMALAYA 
Considerable recent research efforts have greatly elaborated systematic rock glacier inventory 
coverage (Chapter 1). Statistical analysis of these datasets, including the number, spatial dis-
tribution, morphometric characteristics and WVEQ, forms the first step in understanding their 
hydrological role in high mountain systems. This thesis recognises the role of spatial scale as 
being of great importance when considering rock glacier hydrological significance (see section 
10.1), particularly in consideration of climate change adaptation strategies. Here, therefore, 
rock glaciers are investigated at global, regional, national and subnational spatial scales; much 
of the thesis novelty stems from this top-down approach. The RGDB (Chapter 5) shows that 
HMA – a region where severe water stress will likely result from future climate warming – is 
particularly data-scarce. Hence, Chapter 6 and 7 focus on the distribution and hydrological 
significance of rock glaciers in the Nepalese and Himalaya. 
(i)  Address the paucity of data regarding the distribution and hydrological significance of rock 
glaciers at a  national spatial scale – The Nepalese Himalaya. 
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Chapter 6 describes the first systematic rock glacier inventory for the Nepalese Himalaya. This 
database includes in excess of 6,000 rock glaciers that cover an estimated area of 1,371 km². 
Of these, 4,226 landforms were classified as intact (i.e. containing ice) and are estimated to 
contain a WVEQ of 20.90 ± 4.18 km³ (19.16 ± 3.83 Gt). For the Nepalese Himalaya estimated 
I-DL: glacier WVEQ ratio is 1:9. This chapter argues that national-scale ratios mask the poten-
tial hydrological significance of rock glaciers at subnational-scales. Indeed, here, subnational 
ratios show that this ratio varies from 1:3 to 1:89 (Table 6.8). Importantly, intact landforms 
found in the Central-west and West regions (see Figure 6.3) contained the highest WVEQs, 
25.1% and 52.9% of total estimated WVEQ, respectively. Monsoonal precipitation (JJAS) dom-
inates annual precipitation (Shrestha et al., 2000; Karki et al., 2016) with contributions de-
creasing from east to west and south to north (Kansakar et al., 2004). Combined with substan-
tial projected glacier recession and mass loss throughout the twenty-first century (e.g., Kraai-
jenbrink et al., 2017; Hock et al., 2019; Shannon et al., 2019) and limited investment in water 
resources infrastructure in mountainous regions (Bartlett et al., 2010, p. 18), this chapter hy-
pothesises that the hydrological value of rock glaciers in the west-Nepalese Himalaya may be 
of increasingly greater importance than the ratio of I-DL: glacier WVEQ initially suggests.     
(ii)  Address the paucity of data regarding the distribution and hydrological significance of rock 
glaciers at a regional spatial scale – The Himalaya. 
In Chapter 7, the first systematic rock glacier inventory for the Himalaya is presented. This 
database contains ~25,000 rock glaciers that have an estimated areal coverage of 3,747 km². 
Across the Himalaya, rock glaciers are estimated to contain a WVEQ of 51.80 ± 10.36 km³ 
(47.48 ± 9.50 Gt). This equates to a I-DL: glacier WVEQ ratio of 1:24, ranging from 1:42 to 1:17 
in the East and Central Himalaya, respectively (Figure 7.3). Ice content [% by vol.] within rock 
glaciers is spatially heterogeneous (see section 4.5.2.1). In general, previous studies (including 
Chapter 5, 6 and 7) have adopted a volumetric ice content of 40–60% in order to account for 
uncertainty related to, for instance, dynamic status or landform origin (see section 5.4.4); 
however, this chapter is the first to evaluate the influence of glacier volume methodology 
choice on I-DL: glacier WVEQ ratios. Here, I-DL: glacier WVEQ ratios were shown to vary be-
tween 1:23 and 1:36 depending on the chosen method of glacier volume calculation (Table 
7.3). Thus, this chapter recommends that uncertainties related to glacier volume calculation 
are more carefully considered in future studies. Importantly, this database forms the largest 
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systematic rock glacier inventory – in terms of rock glacier number, areal coverage and WVEQ 
– conducted to date. 
The uncertainty associated with the systematic rock glacier inventories presented in Chapter 
6 and 7 is thoroughly discussed within the respective chapters. Importantly, however, issues 
of polygenesis and mimicry/equifinality are absent from these discussions. Here, rock glaciers 
were identified, and their dynamic status determined using spaceborne remote sensing image 
data. Although several rock glaciers were ground-truthed in the Khumbu Valley (SNP), these 
form a very small proportion (0.02%) of the whole population. In previous studies, these issues 
have contributed to misidentifications of RSFs as rock glaciers (e.g., Jarman et al., 2013). This 
begs the question, therefore, how do we know the landforms inventoried here are rock glaci-
ers? In HMA, the formidable logistical/financial challenges associated with rock glacier-related 
fieldwork prohibit large-scale ground-truthing. Furthermore, while kinematic data (e.g., SAR-
derived movement rates) would facilitate validation of active rock glaciers, this method is un-
suitable for intact and relict landforms. In practical terms, definitively answering this question 
is impossible; thus, issues of polygenesis and mimicry/equifinality form an unquantifiable un-
certainty within these chapters. 
10.3 ADVANCING ROCK GLACIER EVOLUTIONARY THEORY 
(i)  Advance the understanding of rock glacier evolution, particularly in deglacierizing moun-
tains by considering firstly the evolution of rock glaciers over time and space, and secondly 
their relationships with other mountain landforms. 
Chapter 8 shows that rock glaciers can develop under glacial, periglacial and paraglacial pro-
cess domains. Here, therefore, rock glaciers are shown to be equifinal landforms inasmuch as 
they can develop from the abovementioned processes individually or in combination. Indeed, 
this chapter proposes a genetic classification model to describe the corelationships between 
glacial, periglacial and paraglacial process domains (Figure 8.1). Through this model, the evo-
lutionary pathways undertaken by individual rock glaciers can be described. For instance, us-
ing geomorphic and sedimentological data derived from different rock glaciers in the Khumbu 
Valley (SNP), it is shown that even within a single region, rock glaciers may have varied origins. 
Furthermore, interactions between rock glaciers and the abovementioned process domains 
vary as deglacierizing mountain landscapes [including climatic and environmental controls] 
change over time, leading to different evolutionary pathways for different rock glaciers during 
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their lifecycle (Figure 8.7). This [equifinality] is important to consider when attempting to de-
cipher the origin of rock glaciers, particularly relict forms (Jarman et al., 2013). 
Importantly, here it is proposed that throughout the twenty-first century, continued climate-
driven deglaciation and the associated shift from glacial- to paraglacial-dominated process re-
gimes means glacier-to-rock glacier transition will likely become increasingly common. This 
will have significant implications for water and sediment storage in high mountain systems, 
particularly as rock glaciers in deglacierizing mountains may have a long residence time in the 
landscape. Indeed, this chapter suggests that rock glaciers can, therefore, be viewed as an 
important extended paraglacial transient stage in mountain geomorphic evolution, between 
glacial and nonglacial endmembers (Cossart et al., 2017; Knight and Harrison, 2018). Notably, 
the key role of rock glaciers was not fully considered in previous models of paraglacial land-
scape change (e.g., Ballantyne, 2002a, 2002b). 
(ii)  Advance the understanding of rock glacier evolution, particularly in deglacierizing moun-
tains by developing a conceptual hypothesis for glacier-to-rock glacier transition. 
In Chapter 9, location-for-time substitution was used to investigate clast data from a range of 
landforms that span the glacier-rock glacier continuum within the Khumbu Valley (SNP), and 
the ways in which glacier-to-rock glacier transition occurs were assessed. Here, KAP was addi-
tionally used to capture aerial images of an ongoing glacier-to-rock glacier transitional land-
form (Chola Glacier) to elucidate the surface geomorphic features of a fully transitioned land-
form. This image data, processed using a structure-from-motion multi-view stereo (SfM-MVS) 
photogrammetry approach, revealed the presence of a spatially coherent ridge-and-furrow 
surface morphology in the lower reaches of Chola Glacier, which is potentially indicative of an 
ongoing glacier-to-rock glacier transition. Glacier-derived and slope-derived clast roundness 
are significantly statistically different and suggest that sediment connectivity (i.e. linkage be-
tween sediment sources and downslope landforms) is one of the drivers of the transition pro-
cess. It is, therefore, hypothesised that the presence of well-developed large lateral moraines 
along glacier margins serves to reduce sediment connectivity and thus reduce the opportunity 
for glacier-to-rock glacier transition. It is suggested that through sediment connectivity mod-
elling (e.g., Micheletti and Lane, 2016), the conceptual hypothesis presented here could be 
tested in a variety of climatic and environmental settings. Indeed, the previous chapter sug-
gests that a better context for explaining their development is to consider them along the 
continua of variations in sediment supply and climate that drive their morphodynamic 
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trajectory. Lastly, understanding which glaciers are likeliest to undergo transition to a rock 
glacier would improve glacio-hydrological predictions. In the context of this thesis, this would 
be highly beneficial for understanding the hydrological significance of rock glaciers and also 
enable more effective water resources management. 
10.4 FUTURE WORK AND RECOMMENDATIONS 
From this thesis, it is suggested that a relative paucity of quantitative in situ data continues to 
restrict the assessment of rock glacier hydrological significance, presumably owing to the for-
midable logistical challenges of rock glacier-related fieldwork globally (see section 4.5.2.1). 
Importantly, these data are needed from a range of locations and timescales; specifically, 
there is an urgent requirement for studies to deliver data that captures the full diversity of 
rock glacier characteristics and the environmental settings within which they are situated. This 
will require efforts within the research community to tackle sites that are less easily accessible 
(e.g., HMA) since much of the existing research has been conducted to date on the most ac-
cessible sites (e.g., within the European Alps), which may not adequately represent the whole 
population. As a consequence, this thesis identifies several candidate areas for future rock 
glacier-related research:  
Rock glacier spatial distribution: Systematic rock glacier inventories are absent in many climat-
ically vulnerable regions. In addition, relatively few studies share accessible open-source geo-
databases (see Chapter 5). In order to improve the systematic rock glacier inventory coverage 
and accuracy, it is suggested that: (i) existing inventories are shared as open-source geodata-
bases; (ii) habitat suitability-type models are utilised, to encourage greater efficiency of sys-
tematic rock glacier inventory compilation in data-deficient regions; (iii) open-access plat-
forms, such as Google Earth Pro, are used; (iv) updated satellite remote sensing is used to re-
evaluate and update existing inventories (see section 4.5.1); and (v) further ground-truthing 
of developed inventories is undertaken. The recently established IPA Action Group (2018–
2020), the primary objectives of which are “to sustain the first steps toward the organization 
and the management of a network dedicated to rock glacier mapping (inventorying) and mon-
itoring all around the world and the definition of the necessary standards” support these sug‐
gestions (Delaloye et al., 2018).  
Rock glacier ice content/WVEQ: Currently, rock glacier volumetric ice content and thus WVEQ 
are primarily estimated using an empirical H-S relation (Equation 3; Brenning, 2005a). Yet, few 
empirical studies have quantitative in situ datasets against which to test the rigour of this 
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relationship (see section 4.5.2). This thesis, therefore, calls for new experiments that (i) enable 
the physics (i.e. dynamics) of rock glaciers to be better understood, (ii) increase the sample 
size used to constrain the scaling parameter c and choose the value for β, and (iii) localise the 
scaling parameter c. Moreover, increased ground-truthing data is needed to deliver evidence-
based science to test and review the suitability of the current empirical scaling relation. Lastly, 
a specific approach to estimate the ice content/WVEQ of ongoing glacier-rock glacier interac-
tions, for which simple empirical power-law relationships are likely inappropriate (Bolch et al., 
2019a), needs to be developed.  
Rock glacier water storage and release: Quantitative in situ data describing the volume, vari-
ability and timing of rock glacier outflows is scarce. Available datasets are generally of short 
duration and are derived from a small number of predominantly intact rock glaciers. Conse-
quently, this thesis calls for a long-term monitoring  network to measure rock glacier dis-
charge. As climate change progresses, rock glaciers will eventually transition from active to 
relict dynamic status; thus, quantitative in situ data are required that describe the effects of 
this upon rock glacier discharge. This requires a focus on space-for-time (or location-for-time) 
substitution experiments across the active-to-relict transition. Hitherto, very few attempts 
have been made to determine the proportional contribution to rock glacier discharge of dif-
ferent sources (see section 4.6.1); therefore, this thesis calls for methodological development 
to isolate rock glacier hydrological (i.e. icemelt) contributions. Lastly, geophysical methodolo-
gies, such as the 4-phase model (see section 4.5.2), provide opportunities to better under-
stand the internal structure of rock glaciers and thus boost knowledge about subsurface hy-
drological processes (i.e. preferential subsurface flowpaths). Further, Cicoira et al. (2019) re-
port that water, particularly at the shear horizon depth, rather than external air temperature, 
is the main driver of variations in rock glacier creep; therefore, subsurface data is highly im-
portant. 
Rock glacier hydrochemistry: Based upon a limited number of studies, there is evidence that 
intact rock glaciers can adversely change the inorganic chemistry of water bodies and streams, 
downstream of outflows (see section 4.7). However, further scientific investigation of this is 
required, to extend research evidencing the suitability of water originating from rock glaciers 
for use as safe, potable water resources. Importantly, this thesis suggests that future studies 
should also assess outflows from relict rock glaciers, as hydrological storage capacity and res-
idence time is greater than that of intact landforms (Colombo et al., 2018b). Lastly, this thesis 
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notes that to include hydrochemical sampling in the experimental design of future rock glacier 
studies would considerably advance this research field.  
Rock glacier evolution: With few notable exceptions (e.g., Bolch et al., 2019a), ongoing glacier-
rock glacier interactions are commonly not included in either glacier or rock glacier invento-
ries. This thesis strongly suggests that the inclusion of these transitional landforms is im-
portant in the context of future water resource management. In Chapter 9, it is hypothesised 
that the presence of well-developed large lateral moraines along glacier margins serves to 
reduce sediment connectivity and therefore reduce the likelihood of glacier-to-rock glacier 
transition. This thesis suggests that the integration of sediment connectivity modelling (e.g., 
Micheletti and Lane, 2016) into glacier-to-rock glacier evolutionary studies could enable this 
hypothesis to be tested in a variety of settings. Key questions regarding glacier-to-rock glacier 
transition remain – Which glaciers will undergo this transition? What are the drivers of this 
transition? What is the rate at which this transition occurs? 
Rock glacier climatic resilience: Research considering the effects of future climate warming on 
rock glaciers is in its infancy. Improved modelling of rock glacier thermal regimes (i.e. heat 
transport) is needed to study their response to different climate change scenarios (e.g., 
Pruessner et al., 2018). Long-term quantitative in situ temperature measurements, such as 
the PERMOS network (http://www.permos.ch/), are required for training and validating these 
models. This thesis notes that systematic rock glacier inventories provide a scientific baseline 
from which rock glacier response to climate change can be assessed. This thesis echoes the 
IPA Action Group (2018–2020)8 and suggests that incorporation of kinematical data (using 
SAR-derived products, multi-temporal airborne LIDAR and multi-temporal fine spatial resolu-









This thesis addresses the current and possible future role of rock glaciers in mountain hydrol-
ogy across a range of spatial scales (global, regional, national and local), with a specific focus 
upon HMA. It produces a number of scientific advances. Firstly, I synthesise the available peer-
reviewed literature and present the first comprehensive evaluation of the hydrological role of 
rock glaciers in deglacierizing mountains [Chapter 4]. Importantly, this synthesis reveals a gen-
eral lack of consensus in the literature concerning the perceived hydrological significance of 
rock glaciers and highlights the pressing need for more research on this topic. Rock glacier-
related research to date has almost exclusively defined their “hydrological significance” ac-
cording to their WVEQ/ ice volume and/or relative contribution to runoff. In this thesis, I re-
define the “hydrological significance” of rock glaciers to also include for the first time (i) rock 
glacier-catchment interactions (i.e. total discharge volume, variability and timing), and (ii) rock 
glacier effects on the physical characteristics of water (i.e. hydrochemistry, temperature). Ad-
ditionally, I show that the hydrological significance of rock glaciers has been considered ac-
cording to a restricted timescale inasmuch as investigations generally focus on present op-
posed to potential future hydrological contributions. Here, I propose that rock glacier water 
storage [and release] occurs over a range of timescales; further, I recommend that future 
studies assessing the hydrological significance of rock glaciers do so in this context. Lastly, the 
synthesis highlights a relative paucity of quantitative data (e.g., rock glacier number, distribu-
tion and morphometric characteristics) that continues to restrict the assessment of the hy-
drological significance of rock glaciers.  
Consequently, I developed three key themes to which the empirical chapters were aligned: 
(1) the distribution and hydrological significance of rock glaciers at global scales [Chapter 5], 
(2) the distribution and hydrological significance of rock glaciers at regional and national spa-
tial scales (Himalaya and Nepalese Himalaya) [Chapter 6 and 7], and (3) advancing rock glacier 
evolutionary theory [Chapter 8 and 9]. 
In Chapter 5, I created a meta-analysis of existing systematic rock glacier inventories and com-
piled the first near-global RGDB. The RGDB presented here includes >73,000 rock glaciers (in-
tact = ~39,500, relict = ~33,500), which contain a WVEQ of 83.7 ± 16.7 Gt [~69–102 trillion 
litres]. Furthermore, the global-scale ratio of rock glacier: glacier WVEQ was estimated to be 
1:456, with large variations at regional scales. Further interrogation of the RGDB revealed that 
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a paucity of information regarding the number, distribution, morphometric characteristics 
and WVEQ of rock glaciers in the HKH.  
In Chapter 6 and 7, therefore, I produced the first systematic rock glacier inventory for the (i) 
Nepalese Himalaya (national-scale), and (ii) Himalaya (regional-scale). In the former (i) I inven-
toried >6,000 rock glaciers, and these are estimated to contain a WVEQ of 20.90 ± 4.18 km³ 
(19.16 ± 3.83 Gt). For the Nepalese Himalaya estimated I-DL: glacier WVEQ ratio is 1:9. In the 
latter (ii) ~25,000 rock glaciers have been inventoried. The total WVEQ is 51.80 ± 10.36 km³ 
(47.48 ± 9.50 Gt) with an estimated I-DL: glacier WVEQ ratio of 1:24. Importantly, this data-
base (ii) forms the largest systematic rock glacier inventory – in terms of rock glacier number, 
areal coverage and WVEQ – conducted to date. The results of Chapter 5, 6 and 7 indicate that 
rock glaciers form considerable long-term water stores, which may become increasingly im-
portant as climatically-driven glacier recession and mass loss continues throughout the 
twenty-first century and beyond. The inventory data associated with Chapter 5 and 6 were 
shared as open-source geodatabases, in order to benefit the wider rock glacier research com-
munity.   
Chapter 8 shows that rock glaciers can develop under glacial, periglacial and paraglacial pro-
cess domains. Additionally, using examples from the Khumbu Valley, SNP, it is shown that in-
teractions exist between these process domains as deglacierizing mountain landscapes 
change over time, leading to different evolutionary pathways for different rock glaciers during 
their lifecycle, even within the same region. I hypothesise that throughout the twenty-first 
century, moreover, continued climate-driven deglaciation and the associated shift from gla-
cial- to paraglacial-dominated process regimes is likely to increase the frequency with which 
glacier-to-rock glacier transition occurs. This will have significant implications for water and 
sediment storage in high mountain systems, particularly as rock glaciers in deglacierizing 
mountains may have a long residence time in the landscape. 
Lastly, in Chapter 9 location-for-time substitution was used to investigate clast data from a 
range of landforms that span the glacier-rock glacier continuum in a high mountain setting 
(Khumbu Valley, SNP) to assess the ways in which glacier-to-rock glacier transition occurs. I 
present clear sedimentological differences between these landforms and suggest that access 
to debris supply is one of the drivers of the transition process. As a result, the topographic 
connectivity between glacier surfaces and surrounding unstable mountain slopes is assumed 
to be a crucial component of this. It is hypothesised, therefore, that the presence of well-
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developed large lateral moraines along glacier margins serves to reduce this connectivity and 
therefore reduce the opportunity for glacier-to-rock glacier transition. I argue that an im-
proved understanding of these processes is of great importance if we are to better predict the 
geomorphological evolution of glaciated mountains under conditions of future climate 







12.1 CHAPTER 5: APPENDIX 
12.1.1 SUPPLEMENTARY METHODS 
12.1.1.1 ROCK GLACIER DATABASE (RGDB) COLLATION  
Rock glacier studies published prior to October 2017 were identified by means of journal 
search tools (ISI Web of Science, Scopus, ProQuest Dissertations and Theses), online data-
bases (NSIDC), and direct communication with academics involved in rock glacier research. 
We searched the ISI Web of Science for peer-reviewed journal papers published between 
1900–2017 using topic searches for “rock glacier” OR “rockglacier” OR “rock glaciers” OR 
“rockglaciers”. Scopus was searched for peer-reviewed journal papers with ‘Document Type’ 
restricted to ‘Article’, ‘Conference Paper’, ‘Review’, and ‘Article in Press’ and no time-period 
restriction, also using the search terms “rock glacier” OR “rockglacier” OR “rock glaciers” OR 
“rockglaciers”. ProQuest Dissertations and Theses was searched for publications with full-text 
availability, using the search terms “rock glacier” OR “rockglacier” OR “rock glaciers” OR “rock‐
glaciers”. Note that dissertations and theses with research outcomes already published as 
journal papers were not included in the RGDB. Lastly, Google Scholar and NSIDC searches for 
“rock glacier” OR “rockglacier” OR “rock glaciers” OR “rockglaciers” were undertaken. Search 
results ISI Web of Science, Scopus and ProQuest Dissertations and Theses were categorised 
into (i) systematic inventory resources or (ii) not relevant.  
Excluding duplicate studies, a total of 131 systematic rock glacier inventory studies resulted 
from the systematic meta-analysis. So as to avoid duplicate rock glacier data, i.e. overlapping 
study areas, 55 studies were excluded from the RGDB where more comprehensive and/or up-
to-date inventories included the same rock glaciers. This process was undertaken through 
Google Earth (version 7.1.5.1557, Google Inc., California, USA) and ArcGIS (version 10.3.1, 
ESRI, Redlands, CA, USA). Partially overlapping study areas were partially excluded. For exam-
ple, data from Cremonese et al. (2011) (European Alps) was partially excluded where the 
study area overlapped that of Winkler et al. (2016a) (Niedere Tauern Range, Austria).  
The full RGDB structure required that the following fields be filled, where the data was avail-
able: (i) Source; (ii) Author(s) (including full citation); (iii) Study Location; (iv) Datasets Applied: 
(a) image dataset(s), (b) topographic dataset(s); (v) Inventory Validation: (a) Yes, (b) No, (c) NA 
(i.e. unknown); (vi) Number of Rock Glaciers: (a) total, (b) intact, (c) relict; (vii) Elevation (All, 




of the landform (MaxE); (viii) Area (All, Intact, Relict): (a) total, (b) mean(s); (ix) Length (All, 
Intact, Relict): (a) mean(s), (b) maximum(s); (x) Width (All, Intact, Relict): (a) mean(s), (b) max-
imum(s); (xi) Planform-shape (tongue-shaped, lobate, spatulate, or coalescent); (xii) Domi-
nant Aspect(s); (xiii) Water Volume Equivalent (WVEQ); (xiv) Specific Density; (xv) Ratio of 
Rock Glacier WVEQ to Glacier WVEQ; (xvi) Additional Information. Note that where inventory 
data is missing but calculable (e.g., dataset[s] provided as supplementary information files, 
requires unit conversion etc.), we reflect updated values in blue font within the full RGDB.  
Supplementary Figure 12.2 and Supplementary Table 12.2 illustrate the 19 first-order regions 
that form the spatial structure of the RGIv4.0 (Consortium, 2014). Further information is avail-
able from the GLIMS website (for access: http://www.glims.org/RGI/). In compiling the RGDB, 
a decision to merge consensus areas was taken for two key regions because the systematic 
rock glacier inventory studies could not be split easily to account for regional differences. 
Here, we combined the RGIv4.0 regions: (i) ‘01’ (Alaska) and ‘02’ (Western Canada and US) to 
create a new dataset for “North America”; and (ii) ‘16’ (Low Latitudes) and ‘17’ (Southern An‐
des) to create a new dataset for “South America”, where there are high concentrations of 
both rock glaciers and glaciers. Regarding (ii), sites in Central America, Africa, and Southeast 
Asia, which contained relatively insignificant proportions of rock glaciers or glaciers, were 
grouped within the “South America” category. Systematic rock glacier inventories resulting 
from the meta-analysis were similarly divided into the 17 regions (Supplementary Table 12.2).  
12.1.1.2 ESTIMATING ROCK GLACIER HYDROLOGICAL STORES 
Estimations of rock glacier WVEQ were calculated based upon assumed ice volumes stored 
within intact rock glaciers. In order to place this work in the context of traditional glacier stud-
ies, the units of gigatons (Gt) are used. Here, H-S scaling relations, i.e. ℎ̅ = 𝑐 ·  𝑆𝛽 where mean 
rock glacier thickness in metres (ℎ̅) is calculated as a function of surface area (S) and two scal-
ing parameters (c and β), were applied. Scaling parameters derived from the empirical rule 
established by Brenning (2005a) were used (Equation 3). Rock glacier volume was estimated 
through the multiplication of (ℎ̅) and (S). This approach has previously been applied in other 
studies (Azócar and Brenning, 2010; Rangecroft et al., 2015; Janke et al., 2017; Jones et al., 
2018b). Importantly, it should be noted that further research is needed to improve area-thick-
ness relationships. 
Equation 3. ℎ̅ = 50 × [𝑘𝑚2(0.2)] 
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By definition, rock glaciers are ice-supersaturated accumulations of rock debris, and thus do 
not contain 100% ice. As such, ice content in rock glaciers is spatially heterogeneous. Addi-
tionally, establishing rock glacier genesis and the subsequent depth and distribution of ice is 
challenging (Seligman, 2009). Consequently, estimation of ice volume and thus WVEQ proves 
difficult. The genesis of rock glaciers remains contested; this controversy between the perma-
frost school (purely periglacial origin) vs the continuum school (glacigenic- and periglacial-
origin) has previously been summarised and discussed in detail (Harrison et al., 2008; 
Berthling, 2011). Note that discussion of rock glacier genesis and evolution is beyond the 
scope of this study and is briefly highlighted here for completeness. Relatively few geophysical 
investigations of rock glacier internal structure have previously been conducted. Those studies 
that exist often focus on quantifying ice presence as opposed to ice content by volume. There-
fore, here we assume estimated ice volume is 40–60% by volume (Barsch, 1996; Haeberli and 
Beniston, 1998; Haeberli et al., 1998; Hausmann et al., 2012), enabling lower (40%), average 
(50%), and upper (60%) estimates to be calculated. Finally, WVEQ was calculated assuming an 
ice density conversion factor of 900 kg m⁻³.  
Where complete rock glacier inventories were available, rock glacier surface area data were 
extracted for each individual feature for use in the abovementioned H-S relationship and sub-
sequently WVEQ calculation. A three-step approach to determine rock glacier volume was 
applied where inventory data was incomplete or unknown (Supplementary Figure 12.1).  
12.1.1.3 ESTIMATING GLACIER HYDROLOGICAL STORES 
Regarding glaciers, volume-area (V-S) scaling relations, i.e. 𝑉 = 𝑐 · 𝑆𝛾 where glacier volume 
(V) is calculated as a function of surface area (S) and two scaling parameters (c and γ), are 
frequently used approaches for volume estimations (Frey et al., 2014). Indeed, previously, V-
S approaches have been used in rock glacier-glacier comparative studies (Azócar and 
Brenning, 2010; Janke et al., 2017). Furthermore, V-S approaches have been applied to global-
scale volume estimations of glaciers and ice caps (Grinsted, 2013). Reports indicate, however, 
the potential of V-S approaches to systematically overestimate ice volume, particularly for 
large and/or relatively steep glaciers (e.g., those within the Himalayan-Karakoram region [Frey 
et al., 2014]). Estimated ice volumes derived from ice-thickness distribution models, for in-
stance, the HF-model (Huss and Farinotti, 2012), generally yield comparatively lower results 
than V-S approaches (Frey et al., 2014). Additionally, HF-model ice-thickness results have pre-




observations from almost all glacierized mountain ranges globally (Huss and Farinotti, 2012; 
Frey et al., 2014; Huss and Hock, 2015). Direct validation cannot be undertaken for results 
derived from V-S relations (Frey et al., 2014). Therefore, here we use the results of Huss and 
Hock (2015). For each glacier of the RGIv4.0, Huss and Hock (2015) calculated glacier volume 
and ice thickness distribution through the application of the HF-model. Results within Huss 
and Hock (2015) were presented as SLE assuming an ice density of 900 km m⁻³ and an ocean 
area of 3.625 x 108 km². As such, conversion of SLE to ice volume was necessary. When con-
verting from cubic kilometres to gigatons, we assumed that 1 Gt of nonporous ice equated to 
a volume of 1.091 km³ (Kargel et al., 2014).
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12.1.2 SUPPLEMENTARY FIGURES 
 
Supplementary Figure 12.1. Workflow to calculate incomplete systematic rock glacier inventory data, and subse-
quently ground-ice volume and WVEQ. 
 
Supplementary Figure 12.2. First-order regions of the RGIv4.0, with glaciers shown in red. RGI region numbers are 




12.1.3 SUPPLEMENTARY TABLES 
Supplementary Table 12.1. Results of RGDB searches. Note that duplicate studies in ISI Web of Science and Scopus 




ISI Web of Science 799 70 729 
Scopus 1023 14 430 
ProQuest Dissertations and Theses 357 4 353 
Google Scholar 26 26 - 
NSIDC 13 13 - 
Personal Communication 4 4 - 
I  = Systematic inventory resource 
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12.2 CHAPTER 6: APPENDIX 
12.2.1 SUPPLEMENTARY FIGURES 
 
Supplementary Figure 12.3. Flow diagram detailing the process for (a) upscaling of DDA/I-DL surface area, and (b) 
upscaling of DDA/I-DL WVEQ. Both are derived from the digitised sample. 
 




12.3 CHAPTER 7: APPENDIX 
12.3.1 SUPPLEMENTARY METHODS 
12.3.1.1 EARTH OBSERVATION DATA 
In the Google Earth Pro platform (version 7.1.8.3036), we used publicly available current and 
archived satellite image data, including fine spatial resolution CNES/Airbus (e.g., SPOT and 
Pleiades) and DigitalGlobe-derived imagery (e.g., Worldview-1 and 2, and QuickBird), to com-
pile the systematic rock glacier inventory for the Himalaya region. NASA SRTM Version 3.0 
Global 1 arc second data (see https://lpdaac.usgs.gov/products/srtmgl1v003/) were used to 
generate a ~30 m resolution DEM of the topography of the study region (herein SRTM30 
DEM). 
12.3.1.2 ROCK GLACIER DATA 
A gridded search methodology approach was employed to ensure inventory compilation was 
systematic and exhaustive. In ESRI ArcGIS (version 10.6.0.8321), a gridded overlay of 40 km² 
grid squares covering the study region was created. This shapefile was subsequently imported 
into Google Earth Pro, and each grid square was visually surveyed on an individual basis. Fea-
tures of interest (DDAs and I-DLs) were identified according to geomorphic indicators (Table 
6.1) and pinned within Google Earth Pro, and an initial point-based inventory was created for 
the Himalaya. In ArcGIS, the point-based inventory was split into the sub-regions (i.e. West 
Himalaya, Central Himalaya and East Himalaya) as defined by Bolch et al. (2012) (Figure 1.2). 
A ~5% sample of the identified landforms from each region (W-Himalaya, n = 363; C-Himalaya, 
n = 192; E-Himalaya, n = 378) were randomly selected within ArcGIS. Note that the Nepalese 
Himalaya, which constitutes a significant proportion of the C-Himalaya, has previously been 
inventoried by the current authors (Jones et al., 2018b); therefore, the above-described C-
Himalaya sample was sourced from newly inventoried landforms only – i.e. excludes the ex-
isting Nepalese Himalaya inventory. 
The geographic boundaries of the selected ~5% regional samples were digitised within Google 
Earth Pro, forming a polygonised inventory within which more detailed spatial attributes were 
measured. Multi-temporal satellite image data were used for this purpose (2000–2019), re-
ducing mapping uncertainties associated with poor quality image data, affected by long-cast 
shadows on steep north-facing slopes, cloud cover and snow cover, for example (Jones et al., 
2018b). For feature boundary digitisation, we adopted the approach of Scotti et al. (2013), as 




delineated, from the rooting zone (i.e. MaxE) to the base of the front slope (i.e. MEF) (Figure 
6.2). Where multiple landforms coalesce into a single body, digitisation was challenging. In 
this study, “when the frontal lobes of two (or more) rock glaciers originating from distinct 
source basins join downslope, we consider the two components as separate bodies. Where 
the limits between lobes are unclear and the lobes share other morphological characteristics 
(e.g., dynamic status [i.e. degree of activity] and vegetation cover), we classify the whole sys-
tem as a unique rock glacier” (Scotti et al., 2013). Further, where DDAs/I-DLs grade into 
upslope landforms, for instance where a rock glacier is gradually developing from a terminal 
or lateral moraine, “a clear distinction between the two landforms cannot be set and we de-
lineated the whole body (i.e. moraine plus rock glacier)” (ibid.). 
Both quantitative and qualitative attributes were extracted and recorded for each feature in 
the polygonised inventory (see Supplementary Table 12.6).  
In ArcGIS, the present study used the Universal Transverse Mercator (UTM) WGS 84 projected 
coordinate system – UTM Zone 43N to 46N – in order to quantify the morphometric charac-
teristics of all shapefiles (e.g., feature [DDA/I-DL] length, width, area [and thus WVEQ]). Digit-
ised landforms were reprojected using the WGS 84 coordinate system for exportation to KML 
formatted files (see Supplementary Information). Feature lengths (parallel to the flow) were 
manually digitised within Google Earth Pro. Based upon an existing methodology 
(Frauenfelder et al., 2003), in order to account for width variation along the length of each 
feature widths (perpendicular to length) were digitised at ~50 m intervals and mean width 
calculated in ArcGIS (Figure 6.2). Landforms were categorised into tongue-shaped or lobate-
shaped, where the length: width ratio is >1 or <1, respectfully (Guglielmin and Smiraglia, 
1998). 
Applying ArcGIS surface raster functions (Zonal Statistics) the digitised landforms were over-
laid onto the SRTM30 DEM and the minimum, maximum, range and mean elevation extracted 
for each feature. In ArcGIS, an aspect raster surface was created using the SRTM DEM as the 
input and clipped to the digitised feature boundaries. As a circular parameter, feature mean 
aspect (i.e. the mean aspect of the raster pixels within each digitised feature) cannot be cal-
culated using simple zonal statistics (i.e. the mean of 0° and 359° cannot be 180° [Davis, 1986 
as cited in Janke, 2013]). The vector mean aspect (θ) was calculated in R (version 3.1.2, R Core 
Team, Vienna, Austria) using Equation 1 and categorised into eight classes – N, NE, E, SE, S, 
SW, W and NW. 




In Google Earth Pro the dynamic status of digitised landforms was determined considering 
their presumed ice content and movement, in accordance with the morphological classifica-
tion by Barsch (1996), using the geomorphic indicators previously outlined (Table 6.1). In the 
present study, DDAs were categorised as relict landforms (no longer contain ice nor display 
movement) and I-DLs as active landforms (contain ice and display movement) and inactive 
landforms (contain ice but no longer display movement) (Haeberli, 1985; Barsch, 1996). Here, 
I-DLs refer to intact landforms, i.e. active and inactive landforms combined.  
As a consequence of the paucity of detailed subsurface information for rock glaciers, 2-D-area-
related statistics (i.e. empirical thickness-area [H-S] relations) were applied in this study to pre-
dict I-DL thickness and derive volume. Empirical H-S relations can be expressed as ℎ̅ = 𝑐 ·  𝑆𝛽, 
where mean feature thickness ℎ̅ (m) is calculated as a function of surface area S (km²) and a 
scaling parameter c (50) and scaling exponent β (0.2) (Brenning, 2005a). Feature volumes 
were determined by 𝑉 =  ℎ̅  ·  𝑆. WVEQ was subsequently estimated through the multiplica-
tion of V and estimated ice content (% by vol.) and assuming an ice density conversion factor 
of 900 kg m⁻³ (Paterson, 1994). Here, a volumetric I-DL ice content of 40–60% vol. (i.e. lower 
[40%], mean [50%] and upper bounds [60%]) was assumed in accordance with previous stud-
ies (Brenning, 2005a; Bodin et al., 2010; Rangecroft et al., 2015; Jones et al., 2018a; Jones et 
al., 2018b) – consistent with in situ data derived from different climatic regions worldwide 
(e.g., Elconin and LaChapelle, 1997: >50%; Arenson et al., 2002: 40–70%; Croce and Milana, 
2002: ~55%; Hausmann et al., 2007: 45–60%; Hausmann et al., 2012: 40–60%). 
In the present study, the dataset generated through the application of the above-described 
methodology and pre-existing rock glacier inventory of the Nepalese Himalaya (Jones et al., 
2018b) were amalgamated, creating the first systematic inventory of rock glaciers in the Hima-
laya. In order to estimate DDA/I-DL area and WVEQ in the Himalaya, the digitised sample (n = 
2,070) was extended to the entire population (n = 24,968) on a regional basis through the 
upscaling procedure outlined in Supplementary Figure 12.3. 
12.3.1.3 GLACIER DATA 
Glacier data for the study region were derived from Frey et al. (2014). Figure 1 in Frey et al. 
(2014) describes the sources of the original glacier outlines. The estimated ice volumes, which 
the WVEQs are based upon, were calculated using the Glacier bed Topography (GlabTop2) 




Himalaya, C-Himalaya and E-Himalaya using the same geographic boundaries (i.e. Bolch et al., 
2012) as in this study, enabling the direct comparison of rock glacier and glacier results.  
12.3.1.4 UNCERTAINTY  
In order to quantify the uncertainties associated with the identification, digitisation and clas-
sification of features of interest (see Brardinoni et al., 2019), we detailed the degree of ‘uncer‐
tainty’ through the application of a Certainty Index score, adapted from Schmid et al. (2015), 
for each digitised feature (Table 6.3). Additionally, as arguably the most conspicuous morpho-
logical manifestation of permafrost in high mountain systems (Barsch, 1996), I-DLs are often 
strongly associated with the lower limit of permafrost distribution. Consequently, here values 
were extracted from the PZI – a global index that helps to constrain and visualise areas of likely 
permafrost occurrence (Gruber, 2012) – for each digitised feature, and the agreement be-
tween I-DL spatial distribution and their associated PZI values was assessed. The uncertainty 
associated with the calculation of I-DL WVEQ using the above-described empirical H-S relation 
has previously been discussed at length (see Jones et al., 2019). Lastly, the influence of meth-
odology selection upon glacier ice volume estimations (and thus WVEQs) was quantitatively 
assessed using I-DL to glacier WVEQ ratios related to a range of different approaches (Frey et 
al., 2014) (Table 7.3).




12.3.2 SUPPLEMENTARY TABLES 
Supplementary Table 12.3. DDA/I-DL proportion, proportional area ≥3,225 m a.s.l., DDA/I-DL density and DDA/I-
DL specific area for the sub-regions of the Himalaya. Where appropriate, values are reported to two decimal 
places. 
  E – Himalaya C – Himalaya W – Himalaya 
DDA/I-DL proportion 30% 30% 40% 
Proportional area ≥ 3225 m a.s.l 26% 37% 37% 
Density (n km⁻²)* 0.08 0.08 0.06 
Specific area (ha km⁻²)† 0.59 1.60 0.82 
*Density (n km⁻²) was calculated by considering the regional area ≥3,225 m a.s.l. (MEF of lowest observed land-
form). 
†Specific area (ha km⁻²) where ‘ha’ reflects DDA/I-DL area, was also calculated by considering the regional area 
≥3,225 m a.s.l. The upscaled results were used within calculations of both density and specific area. 
 
Supplementary Table 12.4. Regional aspect classification of DDAs and I-DLs into north- (292.5 to 67.5°) and south- 
(112.5 to 247.5°) facing aspect quadrants.  
Activity Aspect Quadrant 
Region 
E – Himalaya C – Himalaya W – Himalaya 
Intact 
North (NW, N, NE) 46% 40% 57% 
South (SW, S, SE) 24% 32% 20% 
Relict 
North (NW, N, NE) 62% 58% 57% 
South (SW, S, SE) 13% 19% 18% 
 
Supplementary Table 12.5. Ice volume (km³) and corresponding WVEQs (km³) for both the sampled and upscaled 
I-DLs, regionally and across the Himalaya (total). These calculations encompass a range of ice content by volume 
estimates with a lower (40%), average (50%) and upper (60%) bound. Values are reported to two decimal places. 
Region 
Ice content by 
volume 









 Lower 40% 0.22 0.20 4.50 4.05 
E – Himalaya Average 50% 0.28 0.25 5.62 5.06 
 Upper 60% 0.34 0.30 6.74 6.07 
 Lower 40% 3.73 3.36 28.27 25.44 
C – Himalaya Average 50% 4.67 4.20 35.33 31.80 
 Upper 60% 5.60 5.04 42.40 38.16 
 Lower 40% 0.66 0.59 13.28 11.95 
W – Himalaya Average 50% 0.82 0.74 16.60 14.94 
 Upper 60% 0.99 0.89 19.92 17.93 
Total 
Lower 40% 4.62 4.15 46.04 41.44 
Average 50% 5.77 5.19 57.55 51.80 





Supplementary Table 12.6. Attributes recorded for each feature in the polygonised inventory, with attribute ex-
planation. This table has been adapted from Jones et al. (2018b).  
Attribute Attribute Explanation 
Name Region_Feature No._MM/DD/YYYY* (e.g., WH_1_10/07/2013) 
Region [EH] East Himalaya, [CH] Central Himalaya, [WH] West Himalaya 
DMSLon Longitudinal coordinate of polygon centroid (DDD°MM'SS.sss [N|S]) 
DMSLat Latitudinal coordinate of polygon centroid (DDD°MM'SS.sss [W|E]) 
MEF (m a.s.l.) Minimum elevation at the front 
MaxE (m a.s.l.) Maximum elevation of the feature 
Elevation (m a.s.l.) Range | Mean 
Area (km²) / 
Mean Aspect (°) 0-359 
Aspect Class N, NE, E, SE, S, SW, W, NW (e.g., 90° = E, 180° = S) 
Max Length (m) / 
Mean Width (m) / 
L:W Ratio Length: width ratio 
Geometry Type Tongue-shaped, Lobate-shaped 
Dynamic Type Active, Inactive, Relict 
WVEQ  (km³) 40% | 50% | 60%  
Index Code See Table 6.3 
Certainty Index Medium_Certainty, High_Certainty, Virtual_Certainty 
* MM/DD/YYYY refers to the satellite image date. 
 




12.4 CHAPTER 9: APPENDIX 
12.4.1 AGISOFT PHOTOSCAN WORKFLOW 
Hardware and software 
▪ Windows 7, Intel Core i5-4690 CPU, 24 GB (RAM), 64-bit. 
▪ Agisoft PhotoScan Professional Version: 1.3.5 64-bit. 
Foreword 
Note that the procedure followed within this study reflects that found in the supplementary 
information of Duffy et al. (2018). 
Photogrammetric workflow 
1. Manually inspect KAP-derived aerial photos, removing unsuitable images from the da-
taset.  
2. Add the image subset to Agisoft PhotoScan 
3. Run Align Photos (Accuracy: [High] | Generic preselection: [x] | Reference preselec-
tion: [x] | Key point limit: [125,000] | Tie point limit: [0] | Constrain features by mask: 
[x] | Adaptive camera model fitting: [x])  
4. Run Build Mesh (Surface type: [Height field] | Source data: [Sparse cloud] | Face 
count: [Medium] | Interpolation: [Enabled] 
5. Manually locate and position GCPs across all relevant images 
6. Import the coordinates from the GARMIN eTrex® 10 Handheld GPS on which the po-
sition of GCPs were recorded 
7. Uncheck images and a subset of the GCPs. This GCP subset will be used as valida-
tion/check points. Ensure the remaining GCPs are checked 
8. Run Align Photos (Accuracy: [High] | Generic preselection: [x] | Reference preselec-
tion: [x] | Key point limit: [125,000] | Tie point limit: [0] | Adaptive camera model 
fitting: [x])  
9. In Reference Settings: (i) set the (Image coord accuracy: [Marker accuracy (pix)] to the 
chunks RMS re-projection error (see James et al., 2017). The RMS re-projection error 
is found via R-click chunk > Show Info; and (ii) set the (Measurement accuracy: 
[Marker accuracy (m)] to that of the GARMIN eTrex® 10 Handheld GPS on which the 
position of GCPs were recorded (± 3 m)  




11. Run Build Dense Cloud (Quality: [High] | Depth filtering: [Aggressive]) 
12. Use Gradual Selection to remove points within the dense point cloud with re-projec-
tion errors ≥0.8 pix 
13. Run Build DEM (Source data: [Dense cloud] | Interpolation: [Enabled]) 
14. Run Build Orthomosaic (Surface: [DEM] | Blending mode: [Mosaic] | Enable hole fill-
ing: [x]) 




12.4.2 AGISOFT PHOTOSCAN REPORT 
 




Supplementary Figure 12.4. (continued).










Supplementary Figure 12.4. (continued).










Supplementary Figure 12.4. (continued).
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